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ABSTRACT 
Conducting Polymers exhibit one of the most versatile behaviors of Polymer 
materials. Knowledge of thermal degradation and stability of conducting polymers is 
important for their use in many practical applications during the last two decades the 
synthesis, structure and redox properties of electro active polymers have been reported 
extensively. 
These materials must also possess high stability towards thermal/chemical 
degradation during the storage. Degradation of conducting polymers leads to instability 
of electrode potential with time. The ability of a polymer to retain its useful properties is 
defined as stability and the preventive measures undertaken to inhibit degradation 
process is termed as 'polymer stabilization'. 
This thesis describes various studies on the polymers derived from aniline and 
substituted anilines aimed at a greater understanding of electric, electronic and thermal 
properties of the materials and the problems impeding their applications. 
To study the basic nature of charge transport, the temperature dependence of 
conductivity data were fitted in the Variable Range Hopping Model, given by the 
equation-
o(T) = aoexp(-To/T)''""' (1) 
and equation corresponding to Arrhenius Model-
o T = ooexp (-Ea/KeT) (2) 
where n is the diamensionality of charge transfer. To is the Mott's characteristic 
temperature and OQ is the electrical conductivity at room temperature. Eg is the energy of 
activation and KB is the Boltzmann constant. 
The measured conductivity values were plotted logarithmically as a function of 
reciprocal of temperature. Activation energy (Ea) for the thermo-oxidative degradation of 
the polymers was evaluated using the well known integral method of Broido. According 
to the Broido equation-
ln(lnl/y) - -Ea/RT + C 
Where y = (wt - Woo/ (WQ - w™) 
y is the fraction of the samples yet not decomposed, WQ and Woo are the initial and final 
weight and Wt is the weight at particular temperature. Plots of ln(lnl/y) vs. 1000/T gives 
a straight line whose slope gives the activation energy (Ea). 
The thesis comprises of five chapters: 
Chapter-1, describes the general introduction to the studies of conducting 
polymers such as Polyaniline(PANI), substituted polyaniline and its synthesis, electrical 
properties and their stability consisting of a brief literature survey on the subject. 
Important investigations carried out in the field of degradation and stability of 
conducting polymers have been critically reviewed in this chapter. 
In Chapter-2, Copolymers of aniline with m-chloroaniline were syntfiesized for 
different molar ratios of the respecfive monomers in acid medium. The co-
polymerization of m-chloroaniline with aniline takes place with slower rate than 
polymerization of aniline under the same conditions. Chemical oxidative method was 
used for the copolymerization of m-chloroaniline with aniline. In order to obtain the 
copolymers of different composition, different molar ratios of the respective monomers 
were used in the presence of Ammonium persulphate under acidic condition. 
The structural properties of these co-polymers were characterized by using FT-IR 
and UV-VIS spectroscopic methods. There is hypsochromic shift in both absorption 
bands of the copolymers as compared to that in polyaniline. When -CI group are present 
on the phenyl rings, the substantially alter the planarity of the system and influence the n 
orbital overlap resulting a shift in the n-it* transition band. Thus, the blue shift was due 
to the presence of a chloro group present in the phenyl ring which ultimately resulted in 
the increase of band gap of the copolymers. The electrical conductivity was measured by 
two probe method. It was found that the conductivity of these co-polymers decreases 
with increase of the chloroaniline content in the copolymerization reaction. Temperature 
dependence of electrical conductivity data was discussed in terms of Arrhenius and 
variable range hopping model to elucidate the conduction mechanism. 
The co-polymers are less conducting than PANI due to increase of disorder in the 
copolymer chain which decreases the conjugation and hence electron delocalization. The 
-CI group are likely to force the chain out of the planarity by twisting the phenyl rings 
relative to one another to lower the overlap of orbital's along the conjugated system. As 
a result the conduction electron wave function were expected to be substantially 
localized in the copolymers than those in polyaniline leading to lower mobility for the 
charge carriers. These factors were more predominant in copolymers containing greater 
number of -CI groups. That is why electrical conductivity followed the order i.e. 
P-m-ClA < PA-co-m-ClA 1: 3 < PA-co-m-ClA 1: 2 < PA-co-m-ClA 1: 1< PANI. 
The thermal degradation of these polymers was analyzed using thermo 
gravimetric analysis. It was found that the major part of the thermo oxidative degradation 
of the polymer backbone takes place with higher activation energy and the activation 
energy increases as the ratio of chloroaniline increases in the copolymers. The difference 
in the activation energy for different polymers may be an indication that in each 
copolymer either different degradation mechanism is involved or due the difference in 
the structure of polymer backbone or both 
In Chapter-3, the synthesis, characterization, thermal degradation and stability of 
Polyaniline (PANI), Poly (m-nitroaniline). Poly (m-chloroaniline) and Poly 
(o-methylaniline) were reported. Different properties were measured and compared with 
PANI to find out the effect of electron donating groups (—CH3) and electron 
withdrawing groups (—CI, —NO2). The yield of the poly (substituted anilines) is much 
less than the yield of PANI because the presence of any substitution on benzene ring of 
aniline has significant effect on the rate of polymerization as well as the type of polymer 
formed. The conductivity of PANI is found to be much higher as compared to that of 
other polymers. It may be because that in PANI, all the benzene ring and nitrogen are 
expected to be in the same plane where Ti-electron delocalization is very high leading to 
high electrical conductivity. The electrical conductivity of POMA is higher than that of 
PMNA and PMCIA because the methyl group has an electron donating effect. So it may 
increase the electron density in the polymer chain compared to PMNA and PMCIA. 
It was found that the presence of any type of substitution in the benzene ring of 
aniline increased the solubility but reduced the yield, thermal stability and electrical 
conductivity. Two probe methods were used to measure the electrical conductivity of 
these polymers. The structural properties of these polymers were characterized by using 
FTIR and UV-Vis spectroscopic methods. Thermal degradation and stability of these 
polymers were explained by using thermogravimetric analysis (TGA) and conductivity 
measurements. From thermogravimetric analysis, we conclude that PANI shows the 
maximum theiTnal stability among the polymers under investigation. The order of 
thermal stability PANI > POMA > PMNA > PMCIA is in accordance with the weight 
loss percentage under continuous heating. The rate of degradation is much faster in 
PMNA and PMCIA than that in PANI and POMA. 
In Chaper-4, Poly (aniline-co-o-chloroaniline) was prepared and characterized an 
emphasis to study ihe effect of incorporation of o-chloroaniline on the resuling 
copolymer. The relative frequency dependence of electrical conductivity on the p of the 
reaction media as well as on the copolymer composition and the temperature dependence 
of electrical conductivity were also studied in this chapter. The two probe electrical 
conductivity was measured on the on the pressed pellets of the polymers at frequency of 
100 Hz and 10 KHz. The electrical conductivity measured at 10 KHz was found to be 
greater than that measured at 100 Hz. The yield of the copolymers decreased with 
increasing chloroaniline content in the comonomer feed. The structural properties of 
these co-polymers were characterized by using FTTR and UV-VIS spectroscopic 
methods. The blue shift in the UV-VlS absorption bands and the lower electrical 
conductivity of the copolymers were due to the decrease in the extent of conjugation. 
The electrical conductivity decreased as the ratio of o-chloroaniline was increased 
in the copolymers but the frequency dependence of electrical conductivity increased with 
increase of o-choroaniline. The temperature dependence of electrical conductivity 
showed that charge transport was mainly through variable range hopping though a mixed 
conduction behavior was observed at higher temperature range. 
In Chapter-5, an emulsion method with ammonium persulphate as oxidant was 
used to synthesize a series of Poly (o/m-toluidine-co-o/m-nitroaniline) copolymers of 
different compositions. The two probe method was used to study the electrical 
conductivity measurements. The conductivity was found to be higher than that of its 
homopolymers. Among these copolymers, the conductivity of Poly (o/m-toluidine-co-
o/m-nitroaniline) 1:1 was found to be maximum. Temperature dependence of electrical 
conductivity showed that charge transport was mainly through Variable range hopping 
model though a mixed conduction behavior was observed at higher temperature range. 
All the copolymers were completely soluble in DMSO. Electronic spectra showed blue 
shift in the n-n* and benzenoid-^quinoid transitions revealing a decrease in the extent of 
conjugation in the copolymers. FT-IR and UV-Visible spectroscopy were used for the 
structural confirmation of these copolymers. Stability is explained in terms of ac 
electrical conductivity measurements. 
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1.1.Introduction 
1.1.1. Conducting Polymers 
For a polymer to be classified as the conducting polymer, it should 
possess some electrical features [1]. 
(1) Presence of electrical conjugation which provides a great degree of 
delocalization of Ti-electron in the molecules. 
(2) The degree of conjugation of the basic polymer chain, the nature and 
conjugation length of side groups, the degree of crystallinity, counter ions, 
chain kinds and cross links may play an important role. 
(3) As pristine conjugated polymers do not contain intrinsic charge carriers, 
they must be provided charge extrinsically, typically by a charge transfer 
process, commonly termed as doping. 
A common feature of conducting polymers is conjugation of 7i-electrons 
extending over the length of the polymer backbone. The chemical structures of some 
common conducting polymers, Polyaniline (PANl), Polypyrrole (PPy) and 
Polythiophene (PTh), are shown in Scheme 1.1 in their non-conducting (undoped) forms. 
It is seen that all of these possess alternate single and double carbon-carbon bonds along 
their polymer chains. 
In their conducting forms, obtained by oxidation of the undoped forms, the 
polymers have positive charges located along their chains, as illustrated in Scheme 1.2. 
Much interest is shown in material research, because of this Tt-electron 
delocalization which gives rise to many interesting properties [2-7]. Along with it, their 
light weight, easy processibility and high electrical conductivity suggest their potential 
application in many fields such as in rechargeable solid state batteries [8-10], solar cells 
[11], optical storage [12,13], electronic display devices [14-16], light emitting diodes and 
electroluminescence [17-21], biosensors and ion sensors [22,23], EMI shielding [24,25], 
corrosion inhibition [24,25], nano composite materials [27], field effect transistors [28] 
etc. 
m 
m 
Polyaniline (PANI) Polypyrrole (PPy) Polythiophene (PTh) 
Scheme 
m 
Polyaniline (PAn. HA) Polypyrrole (PPy. A) 
Polythiophene (PTh. A) 
Scheme 1.2 
Polyacetylene was first synthesized by Natta et al. as a black powder [29]. This 
was found to be semi-conductor with a conductivity between 7 x 10"" to 7 x 10"^  S cm'', 
depending upon how the polymer was processed and manipulated. This compound 
remaind a scientific curiosity unfil 1967, when a postgraduate student Hiedki Shirkawa at 
the Tokyo institute of Technology was attempting to synthesize polyacetylene but a 
silvery thin film was produced as a result by mistake. When this film was investigated, it 
was found to be semi conducting, with a similar level of conductivity as that of the 
conducting black powders. 
Polyhetrocycles were first developed in eighties. Polyhetrocycles were found to 
be much air stable than polyacetylene, although their conducfivities were not so high, 
typically about 10'' Scm"'. By adding various side groups to the polymer backbone, 
derivafives which were soluble in various solvents were prepared. Other side groups 
affected properties such as their color and their reactivity to oxidizing and reducing 
agents. 
A logarithmic conducfivity ladder of some of these polymers is shown in Fig. 1.1. 
Coriducti'\iity 
(S/cm) 
10 
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10 
I Copper metal 
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Fig.1.1 
Conducting polymers were initially attractive because of the fundamental interest 
in the doping and the doping induced metal insulator transition. However, the chemistry 
and physics of these polymers in their non-doped semiconducting state are of great 
interest because they provide a route to "plastic electronic" devices. Although polymer 
diodes were fabricated and characterized in 1980's [30]. The discovery of light emitting 
diodes (LEDs) by Friend and coworkers at Cambridge in 1990 [31] provided the 
stimulus for a major push in this direction. 
1.1.2. Synthesis of Conducting Polymers 
Conducting Polymers are either made directly by electro or oxidative 
polymerization or polymerized and then oxidized chemically or electrochemically. 
Research areas in conducting polymers focus on making the conducting form of PANI 
[32,33]. 
Conducting Polymers are commonly prepared through chemical or 
electrochemical oxidative polymerization of the appropriate monomers. An important 
step is the incorporation of the counter anion (dopant) in to the polymer chains during 
polymerization to neutralize the electrical charge, a process called "doping". The overall 
reactions for the synthesis of Polyaniline, Polypyrrole and Polythiophene are shown by 
chemical equations (1.1), (1.2) and (1.3), respectively (A" = dopant/counter anion). 
^ 
Oxidation 
HA 
- - (1 .1 ) 
n/2 
Oxidation 
(1.2) 
Oxidation 
m 
(1 .3 ) 
1.2. Doping in Conducting Polymers 
A conjugated organic polymer in its pure or undoped state is an insulator with 
conductivity of the order of 10'^^ S cm"'. A high electrical conductivity is achieved only 
after doping of the polymer with suitable oxidizing or reducing agent [34, 35]. 
The concept of doping is the unique, central, underlying and unifying theme 
which distinguishes conducting polymers from all other types of polymers. The 
conductivity of an organic polymer otherwise small when it is behaving as an insulator 
or semiconductor, increased with increasing doping as shown in Fig. 1.2. 
Conductivity of insulators, typically in the range 10" to 10" S/cm, is converted 
to a polymer which is in the 'metallic' conducting regime (--1 to 10" S/cm). The 
controlled addition of known, usually small (< 10 %) non-stoichiometric quantities of 
chemical species results in dramatic changes in the electronic, electrical, magnetic, 
optical and structural properties of the polymer. 
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Fig. 1.2 
To meet the demand of materials of improved performance, commercial 
polymers are always mixed together with various additives of monomeric or polymeric 
in nature. It is aimed that the additives will act synergically with the polymer and will 
meet the combined requirements of a particular application as shown in Fig. 1.3. 
Doping of conjugated polymer increase the carrier concentration in the polymer 
and thus generate very high electrical conductivity [34]. This is achieved by oxidation or 
reduction with electron acceptors or donors respectively, e.g. the polymer is oxidized by 
the removal of the electron by the acceptor, thereby producing a radical cation or hole in 
the chain. If the hole can be overcome the coulombic binding energy or at high dopant 
concentrations, it moves through the polymer chain and contribute to the electrical 
conductivity. 
The behavior of the conductivity with both acceptor and donor dopants is 
suggestive of the conventional substitutional 'p' and 'n' type doping of semiconductors. 
In conducting polymers, the doping is non substitutional, the doping species 
reside alongside the polymer chains and there is a charge transfer process between the 
polymer chains and dopant molecules. This doping process is different from the doping 
of inorganic semiconductors, where the dopants are added in parts par million. In 
conducting polymers, the dopant concentrations are exceptionally high as doping 
involves the random dispersion of dopants in molar concentrations and that in some 
cases the dopants constitute about 50% of the final weight of the conducting polymer 
composition [35]. Thus, the conducting polymer systems are often visualized as charge-
transfer complexes. 
The dopant ion such as BF4", CIO4", I3' (p-type) can oxidize the polymer chain to 
create the positive charges on the conjugated polymer backbone, i.e. p-type doping. The 
dopant ion such as Na , Li*, Rb* etc. (n-type) can reduce the polymer to create negative 
charge on the polymer backbone, i.e. n-type doping [36]. 
Electrical conductivity Control of Electrochemical Potential 
Conductivity approaching that of copper 
Chemical Doping induces solubiHty, 
Transparent electrodes, antistatics, 
EMI shielding, Conductivity fibres 
Electrochemical batteries, Electrochromism 
and "smart windows" Light-emitting 
electrochemical cells 
Doping of Conjugated 
Polymers 
High performance orbital materials 
ID nonlinear optical phenomena 
Photoinduced electron transfer 
Photovoltaic devices 
Tunable NLO properties 
charge injection without counter ions 
organic PET circuits 
tunneling injection in LEDs 
Fig. 1.3 
1.2.1 Chemical Doping 
The initial discovery of the abihty to dope conjugated polymers involved charge-
transfer redox chemistry, oxidation (p-type doping) or reduction (n-type doping). This 
can be illustrated with the following examples. 
p-type doping: 
(7r-polymer)n + 3/2 ny(l2) ^ [(Ti-polymer)^ "" (yl3)ln 
n-type doping 
(7r-polymer)n + ny Na^Naphthalide' -^ [(y Na"*")(7r-polymer)^ '"],i + Naphthalene 
1.2.2 Electrochemical Doping 
Complete doping in the highest possible dopant concentration yields reasonable 
high quality materials. However, attempts to obtain intermediate doping levels often 
result in inhomogeneous doping. Electrochemical doping was invented to solve this 
problem where the electrodes supply the redox charges to conducting polymer, while 
ions diffuse into (or out of the polymer in case of undoping) the polymer electrode from 
the nearby electrolyte for electroneutrality. The doping level is detemiined by the voltage 
between the conducting polymer electrode and the counter-electrode at electrochemical 
equilibrium or by the amount of electronic charge passed during the process. A particular 
doping level is precisely achieved by setting the electrochemical cell at the 
corresponding applied voltage and waiting as long as necessary for the system to come to 
an electrochemical equilibrium as indicated by the current through the cell going to zero. 
Electrochemical doping can be illustrated by the following examples. 
p-type doping: 
(TT-polymer) + x Li^ BF4" -^ (ji-polymer)^'' (x BF4") + x Li^  
n-type doping: 
(;r-polymer) + x Li''BF4" -^ (Ti-polymer)"" (x Li'') + x BF4" 
This technique is used for doping of polymers obtained by other methods as well as for 
redoping or further doping. In this process, only ionic types of dopants are used as 
electrolyte dissolved in polar solvents [36]. 
1.2.3 Radiation Doping 
The semi-conducting polymer chain in locally oxidized and nearby chain is 
reduced by photo-absorption and charge separation i.e. electron-hole pair creation and 
separation into free charge-carriers. 
(Ti-polymer),,! + (7r-polymer)„ ^"-^ [(;r-polymer)m] '^' + [(ji-polymer)^]''' 
Where x is the number of electron-hole pairs. In case of photo-excitation, the 
photoconductivity is transient and lasts only until the excitations are either trapped or 
decay back to the ground state. In contrast, the induced electrical conductivity is 
permanent in case of chemical or electrochemical doping until the charge carriers are 
purposely removed by undoping. High energy radiations such as y-rays, electron beams 
and neutron radiations are used for doping of polymers by neutral dopants. For example, 
y-ray irradiation in the presence of SF6 gas or neutron radiations in the presence of I2 has 
been used to dope polythiophene [37]. 
1.2.4 Doping by acid-Base Chemistry 
In this doping the number of electrons associated with the polymer backbone 
does not change. The energy levels are rearranged during doping. Polyaniline was the 
first example of the doping of an organic polymer to highly conducting regime by this 
process. Protonation by acid base chemistry leads to an internal redox reaction and 
converts the semi-conducting emeraldine base into highly conducting emeraldine salt. 
The chemical structure of the emeraldine base form of polyaniline is somewhat similar to 
an alternative block copolymer. Upon protonation of the emeraldine base to emeraldine 
salt, the proton-induced spin unpairing leads to a structural change with one unpaired 
spin per repeat unit but with no change in the number of electrons. 
1.2.5 Undoping 
to In conducting polymers, the doping process can be reversed i.e. conducting 
polymers can be rendered insulating by neutralization back to the uncharged state which 
is referred to undoping or dedoping or compensation or electrical neutralization etc. 
Exposure of oxidatively doped polymers to electron donors or conversely of reductively 
doped polymers to electron acceptors affect dedoping [38,39]. This forms of the basis of 
the application of the conducting polymers in rechargeable batteries/electrodes. 
10 
1.3. Charge Storage and Charge Transport 
One early explanation of conducting polymers used band theory as a method of 
conduction. According to this, a half filled valence band would be formed from a 
continuous delocalized Ti-system. This would be an ideal condition for conduction of 
electricity. However, it turns out that the polymer can efficiently lower its energy by 
bond alteration (alternating short and long bonds), which introduces a band width 1.5 ev 
making it a high energy gap semiconductor. The polymer is transformed into a conductor 
by doping it with either an electron donor or an electron acceptor. This is reminiscent of 
doping of silicon based semiconductors where silicon is doped with either arsenic or 
boron. However, while the doping of silicon produces a donor energy level close to the 
conduction band or an acceptor level close to the valence band, this is not the case with 
conducting polymers. The evidence for this is that the resulting polymers do not have 
high concentration of free spins, as determined by electron spin spectroscopy initially. 
Generally, conducting polymers are largely amorphous in nature with a very 
small degree of crystallinity. Besides the conjugational defects mentioned earlier, these 
polymers like other solid polymers contain different kinds of structural link irregularities 
such as cross links, branch-points, conformational defects etc. formations of these 
defects including conjugational defects are essentional as this would determine the 
chemical and physical properties of a given polymer. 
Introduction of particular defects such as solitons, polarons and bipolarons are the 
only means to attain high electrical conductivity in the conducting polymers. 
As mentioned earlier, charges added to polymer chains do not behave as low 
mass particles, as in the case of the conventional inorganic semiconductors. They are 
intrinsically localized as a result of the relaxation of the polymer chain round the charge 
to form defects that may be solitons, polarons or bipolarons type [40, 41]. 
Most of the electronic properties of these polymers are determined by the 
behavior of the defects states. The theoretical understanding of them has been achieved 
in recent years [42, 43]. 
When we discussed the charge conduction in polyaniline family of polymers, we 
should be aware that polyaniline differs substantially from other conducting polymers. It 
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is not charge conjugation symmetric i.e. the Fermi level and band gap are not formed in 
the centre of the Ti-bond so that the valence and conduction band are very asymmetric 
[44]. Consequently, energy levels will also differ from other conducting polymers such 
as Polypyrrole, Polythiophene, Polyacetylene etc. [45, 46]. Secondly, the hetero-atom, 
nitrogen is also within the conjugation path. Third, the emeraldine base form of the 
polyaniline can be converted from insulating to metallic state. Protons can be added to -
N= sites, while number of electrons in the chain are held constant [47]. 
The degree of unsaturation and conjugation influence the charge transport via 
orbital overiap within the molecular chain. The charge transport sometimes intervened 
by chain folds and other structural defects. The connectivity of transport network is also 
influenced by the structure of dopant molecules. Any disturbance in the periodicity of the 
potential along the polymer chain induces localized energy states. Localization also 
arises in the neighborhood of the ionized dopant molecules due to the coulombic field. 
For better understanding of the nature of charge transport in polyanilines, it is necessary 
to use a wide variety of probes. Direct electrical conductivity measurement provides 
insight into the insulating or metallic nature of electrons at Fermi level. The studies on 
electrical conductivity as a function of temperature and protonation level can also give 
insight into the conduction mechanism. At 38% doping, it is independent of temperature 
[48]. Measurement of high frequency transport studies provide an important probe away 
from the Fermi energy to help discriminate between homogeneously and 
inhomogeneously disordered metallic states [49-52]. 
The electrical conduction mechanism, effect of disorder and one dimensionality 
of the polymers are still strongly debated. As mentioned eariier, chemical intuition 
suggests that the nitrogen lone pair orbital of N " would be highly susceptible to proton 
addition leading to charge transfer and thereby formation of delocalized polarons in the 
7i-orbital conduction band. 
Focke et al. [53] established qualitative agreement between the conductivity of 
electrochemically prepared polyaniline suggested a simple model of electrical 
conductivity of polyaniline involving a three dimensional hopping model based on 
intermediate free radical state, givimg a reasonable quantitative description of the 
polymer conduction in all stages of oxidation and doping of polyaniline. 
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The studies on macroscopic conductivity o (T) follow a power law, [a (T) d T 
or T' ' ' '] in accordance with the equation o = OQ exp(-To/T) with a a constant. The best fit 
usually achieved for b = 0.5. 
Zuo et al. [54] states that the conductivity is not fully metallic at any 
composition. But at all compositions, the conductivity is that of a granular metal and can 
be fitted as transport via charging energy limited tunneling between conducting islands. 
Their studies were consistent with percolation among these metallic islands with the 
presence of an insulating layer surrounding each island above percolation threshold. 
Several theoretical studies on polyaniline have suggested the major role of ring 
rotational conformation changes on the polymer electronic structure. Ginder et al. [55] 
investigated the effect of electron lattice coupling via ring rotation on the electronic 
structure of leucoemeraldine and its charged defects. They suggested that in 
leucoemeraldine and other phenyl ring containing polymers, the charged defect state, 
particularly hole polaron are associated with localized distortions of the ground state ring 
tortional angles towards a planar conformation, in contrast with bond alteration defects 
present in the conducting polymers. 
Bredas et al. [56,57] have pointed out that polyaniline has only one defect-
polaron or bipolaron-band in the gap, unlike other conducting polymers, where two 
defects bands are always observed. Heegar [58,59] has shown that intrinsic self-
localization in quasi-one dimensional systems are especially sensitive to localization 
induced by disorder. Disorder induced localization is known to convert doped 
conducting polymers from true metal with large mean free paths and coherent transport 
into poor conductors in which the transport is limited by phonon assisted doping. 
1.4. Degradation and Stability of Conducting Polymers 
Knowledge of thermal degradation and stability of conducting polymers is 
important for their use in many practical applications while the .synthesis, structures and 
redox properties are important for their use in many practical applications. 
Polymers undergo chemical reactions just like any typical low molecular we%ht 
organic compound, leading to the deterioration of useful polymer properties. The 
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degradation of polymer is characterized by uncontrolled change in molecular weight or 
constituent of polymer. The process of deterioration of useful polymer properties 
involving chemical reactions is called "degradation". There are many external cause of 
degradation of polymer material such as heat, light, mechanical stress, oxygen, ozone, 
moisture, atmosphere pollutants etc. along with the factors at the time of processing. 
Also the presence of the reactive sites in the polymer (e.g. super oxides, defects, 
chemically reactive groups etc.) may degrade the polymer properties with or without 
combination of external factors. 
There are two main factors, which affect the intrinsic degradation of conjugated 
polymers viz. reactivity of polymer back bone and reactivity of the dopant. The oxidative 
degradation of most polymers proceeds via the chemical reaction of proxy radicals. The 
synthesis, structure and redox properties of electroactive polymers have been reported 
extensively. There have been only few systematic studies on their thermal aging and 
thermal degradation behavior. 
There are two distinct types of stability. Extrinsic stability is related to 
vulnerability to external environmental agent such as oxygen, water, peroxides. This is 
determined by the polymers susceptibility of charged sites to attack by nucleophiles and 
free radicals. If a conducting polymer is extrinsic unstable, then it must be protected by a 
stable coating. 
Many conducting polymers, however, degrade over time even in dry, oxygen free 
environment. This intrinsic instability is thermodynamic in origin. It is likely to be 
caused by irreversible chemical reaction between charge sites of polymer and either the 
dopant counter ion or the p-system of an adjacent neutral chain, which produces an sp3 
carbon, breaking the conjugation. Intrinsic instability can also come from a thermally 
driven mechanism which causes the polymer to lose its dopant. This happens when the 
charge sites become unstable due to conformational changes in the polymer backbone. 
This has been observed in alkyl substituted polythiophenes. 
There are many external cause of degradation such as light, heat, mechanical 
stress, oxygen, moisture, atmospheric pollutant etc. along with the factors effective at the 
time of processing. Also, the intrinsic factors such as reactive sites, e.g. Super oxides, 
defects, chemically reactive group may degrade the polymer properties with or without 
the combinations of external factors [60]. 
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The inter and intra chain reactions between the reactive sites can alter the 
chemical structure of conductive polymers, affecting their dopability and hence the 
electro activity [61, 62]. Intrinsic degradation of doped conjugated polymers would be 
affected by the reactivity of the dopant and the reactivity of polymer backbone. 
The oxidative degradation proceeds via chemical reactions of peroxy redicals. In 
presence of atmospheric oxygen, the polymers that contain bonds with low dissociation 
energies, such as 0-0, C-N, C-Cl and C-C are susceptible to oxygen attack at elevated 
temperatures. Usually, then-nal stability of conducting polymers is less than usually 
expected because of the accidental inclusion of weak linkages in the main chain. 
Sun light consists of IR and visible radiations, apart from high-energy UV-
radiations (200-300 nm) of the electromagnetic spectrum. The conjugated bonds presents 
in the conducting polymers undergo n-n*, n -n* and o-o* transitions, leading to 
formation of free radicals on exposure to sun light. The UV-radiations containing enough 
energy to cause C-C, C-N and C-0 homolytic bond fission. The produced free radicals 
can react with atmospheric oxygen leading to oxidation accompanied by depletion of 
chain length of the polymer. 
The chemical reactions of environmental degradants and those trapped during 
synthesis, such as moistures, oxygen; other environmental gases etc. may also have some 
degradative effect on the polymer properties which may involve electrical neutralization 
of the polymer backbone through a process generally called compensation. During 
chemical compensation on oxidised polymer (p-type doped) reacts with a reducing agent 
like NH3 accompained by a loss of electrical conductivity [63-65]. 
The long conjugated back bone of conducting polymers could sustain defects 
such as free radicals. Such states can readily be oxidized. The ability of a polymer to 
retain its useful properties is defined as stability and preventive measures undertaken to 
inhibit degradation process is termed as "polymer stabilization". Various methods are 
employed to stablize conducting polymer such as (1) by incorporating antioxidants such 
as benzoquinone (2) by ion implanation or by predopin'g the material with strong electron 
acceptor prior to oxygen exposure (3) by encasing the polymer in a system with reduced 
oxygen and moisture permeability (4) by synthesing new polymers with less 
susceptibility to intrinsic degradation to oxygen and to moisture even at elevated 
temperature etc. [66, 67]. 
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There can be two strategies in the description of aging of conducting polymers. 
The conduction models describe the electrical aging of conducting polymers in a 
quantitative manner [68] on the otherhand, the thermogravimetric data can be used to 
explain stability in terms of the structural changes in the polymer during thermal aging 
[69]. A combined use of both the approaches will be helpful not only to access but also 
to devise ways to improve the stability of the conducting polymers. Chemically prepared 
polyaniline is stable up to 650 °C, but doped samples reportedly undergoes HCl, H2SO4, 
removal that begins in the 230-300 °C range and leads the polymer to emeraldine base. A 
two step weight loss has been reported by several investigations [70-75]. 
Troare et al. [76] performed thermogravimetric studiesof emeraldine 
hydrochloride under high vaccum in conjuction with thermal volatization analysis. The 
initial weight loss was attributed to the loss of HCl and in the second stage the 
emeraldine base underwent thermal degradation in the temperature range 500-700 C. 
Palaniyappan and Narayana [77] have reported a three step weight loss in their 
chemically prepared polyaniline in different acid media. The first step was due to the 
removal of acid. The polymer underwent thermo-oxidative degradation beyond 275 °C in 
the third step. 
Kohler et al [78].observed that HBr salt of chemically prepared polyaniline is the 
most theiTnally stable material among HF", HCl, HBr and HI doped highly conductive 
polyanilines. Li et al [79] showed that emeraldine like structure is the most stable at high 
temperatures and that imine =N- to amine -NH- ratio as determined by X-ray 
photoelectron spectroscopy diminishes when heated to 200 °C. Gazotti et al [80] 
compared the stability of chemically prepared Poly(o-methoxyaniline) doped with the 
HCl and toluene sulfonic acid by monitoring A,nia,x as a function of pH from 0-14. Toressi 
et al. [81] studied the stability of polyaniline film under under laser light by comparing in 
situ and ex situ spectra. Boucherit et al. [82] reported that a thin layer of water on the 
surface of most unstable polymer sample was sufficient to protect it from degradation. 
Bernard et al. [83] reported the insitu Raman spectroscopy studies on 
electrochromic polyaniline film that revealed the effect of pH and the influence of sweep 
range on cycling life times. Hand and Nelson [84] reported that p-benzoquinone is the 
main product of electro-oxidation of polyaniline in acid media and the dark green 
precipitate produced was quinine-hydroquinone. 
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Misra et al. [85] reported the synthesis of poly (2 ethylaniline) which was found 
to be quite stable and could be cycled repeatedly without any evidence of 
decomposition. TGA analysis showed the weight loss of 10 % by 33 C in the SbCle 
doped sample and CIO4' doped sample lost 85 % of its weight by 400 "^ C. Chemically 
prepared polyaniline and Poly (dimethylaniline) was studied by Toshima et al [86] and 
showed a three step weight loss. From TGA studies, Gupta et al. [87] showed that N-
substituted Polyaniline are more stable than ring substituted polyaniline. 
1.5. Polyaniline (PANI) 
Although there is a wide variety of conjugated polymers synthesized so far and 
many more are expected in future, literature v>/ere reviewed only for some well studied 
and characterized conjugated polymers such as Polyacetylene (PA), Poly pyrrole (PPy) 
and Polyaniline (PANI). After a very careful consideration of merits and demerits in the 
literature surveyed on above mentioned conjugated polymers, Polyaniline (PANI) has 
been selected as the conducting component for the preparation of conducting 
copolymers. Strong reason underlying in this section include the ease of preparation 
fairly good environmental as well as thermal stability and sufficiently high electrical 
conductivity. 
Polyaniline (PANI) has received much attention because of its electronic, 
thermoelectric and optical properties as well as its good environmental stability and ease 
of synthesis. Polyaniline is also unique among organic conducting polymers in that its 
electrical properties are controlled by both its oxidation state and degree of protonation. 
Consequently, polyaniline is widely used for various applications such as rechargeabe 
batteries [88, 89], chemical transtiors [90], supercapicitors [91-93], electrochromic 
displays [94-96], actuators [97-99], sensors [100-103] and anti-corrision coating 
[104,105]. 
Polyaniline is a typical phenylene based polymer having a chemically flexiable -
NH group in the polymer chain flanked on either side by a phenyllene ring. In its non 
conducting undoped or base form, polyaniline has been referred to as 
Poly(phenyleneamineimine) and may be represented by the formula. 
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(-C6H4-NH- C6H4-NH-)y (-C6H4-N= C6H4-N-) I-y 
Where the sample average 'y' may vary in the range 0 < y < 1 [106]. 
Polyaniline holds a special position amongst conducting polymers in that its most 
highly conducting doped form can be reached by two completely different processes i.e. 
protonic acid doping and oxidative doping. Protonic acid doping with emeraldine base 
unit with, for example IM aqueous HCl results in complete protonation of the imine 
nitrogen atoms to give the fully protonated emeraldine hydrochloride salt. Protonation is 
accompanied by a 9-10 order of magnitude increase in conductivity reaching a maximum 
in ~1M aqueous HCl. The same doped polymer can be obtaind by chemical oxidation (P-
doping) of emeraldine base. This actually involves the oxidation of the O/TT system rather 
than just the 71-system of the polymer as is usually the case in p-type doping. Its reaction 
with a solution of chlorine in carbon tetrachloride proceeds to give emeraldine 
hydrochloride. 
Conversion to a conductive form is accomplished by either protonic or electronic doping, 
the protonation, deprotonation and other physicochemical properties of polyaniline are 
due to the presence of-NH groups in the polymer chain. 
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Basically polyaniline is an oxidative polymeric product of aniline under acidic 
condition and can be considered as a new version of 'aniline black' discovered in 1862 
[107] at the beginning of the twentieth century, scientists began investigating the 
constitution of aniline black. In 1910, Green and Woodhead [108] were able to present 
various constitutional aspect of aniline polymerization, according to them, there are four 
different versions for polyaniline namely, emeraldine, nigraniline, pernigraniline and 
leucoemeraldine. 
They reported that there are four quinonoid stages derived from the parent 
compound leucoemeraldine. In accordance with an eight nuclei structure, the conversion 
of emeraldine into pernigraniline consumes two atoms of oxygen. 
The reduction of emeraldine into leucoemeraldine consumes four atoms of 
hydrogen and the reduction of nigraniline into leucoemeraldine consumes six atoms of 
hydrogen. Finally in the reduction of pernigraniline into leucoemeraldine, eight atoms of 
hydrogen are required. 
In 1968, Surville et al. [109] reported proton exchange and redox properties with 
the influence of water on the conductivity of polyaniline. However, explosive research 
on polyaniline as a conducting polymer started only after the discovery by Shirakawa 
group that iodine doped polyacetylene showed metallic conductivity [110]. In the 
modem perspective polyaniline was thus rediscovered in 1980's [111, 112]. 
1.5.1 Different forms of polyanilines 
As mentioned earlier, accepted structures of polyaniline date back from the early 
work of Green and Woodhead [113]. Polyaniline has benzenoid and qoinonoid repeat 
units connected with nitrogen atoms. It can be visualized as built up from reduced (B-
NH-B-NH) and oxidized (B-N-Q-N) repeat unit where 'B' and 'Q' denote benzenoid and 
qoinonoid repeat units respectively [114-117]. Depending upon the oxidation state i.e. 
the ratio of amine to imine nitrogen, it can exist in various unique structures as 
represented in figure-2.1. 
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The unprotonated forms of polyaniline can simply be given by the formula. 
(B ) ( Q ) 
Where the oxidation state of the polymer increases with decreasing value of y. 
The average oxidation state (1-y) can be varied continuously from zero 
corresponding to completely reduced polymer called leucoemeraldine (light yellow in 
color) to 0.5 to give the half oxidized emeraldine (green) and tol to give completely 
oxidized pemigraniline (violet). 
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Fig. 2.1 Different forms of Polyaniline 
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Violet Pernigraniline base 
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green protonated emeraldine 
\+e 
blue emeraldine base 
+e 
colourless leucoemeraldine 
Fig. 2.2 Transformation between various forms of Polyaniline 
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MacDiarmid et al. [117, 118] suggested two more oxidation states and colors for 
Polyaniline, namely, protoemeraldine (light green) and nigraniline (blue). Protoemeradiie 
and emeraldine can be protonated at the imine nitrogen to give the corresponding salt 
resuhing in high electrical conductivity [117-119]. 
The degree of protonation depends on the oxidation state of the polymer and on 
the pH of the acid used. Complete protonation in the imine nitrogen atoms in emeraldine 
base results in the formation of delocalized polysemiquinone radical cation [114-117] 
followed by a tremendous increase in the conductivity. Transformation between various 
forms of polyaniline is presented in Fig. 2,2. 
The synthesis and characterization of different forms of polyanilines have been 
investigated thoroughly by many research groups [118-120]. 
A number of new approaches for preparing polyaniline with high intrinsic 
oxidation state (high quinonoid imine to benzenoid amine state) have been reported 
[120-123]. Considerable discrepancies are also found in the reported results [122]. XPS 
studies have been successfully employed to differentiate the various intrinsic redox states 
of polyaniline [124, 125]. A number of subsequent studies on the chemically [126] and 
electrochemically [127, 128] synthesized polyaniline have revealed that the protonation 
of quinonoid imine (=N-), benzenoid amine (-NH-) and positively charged nitrogen 
atoms corresponding to a particular oxidation state and protonation level can be 
quantitatively differentiated in the properly curve fitted core level diagram. 
1.5.2 Synthesis of Polyaniline 
Generally Polyaniline is prepared either by chemical or by electrochemical 
oxidation of aniline under acidic conditions. Chemical method is considered to be more 
useful method than electrochemical method from mass production view point of 
polyaniline. Whenever thin film and better ordered polymers are required, 
electrochemical method is preferred. Both electrochemical and chemical methods of 
polymerization follow head to tail coupling mechanism [129, 130]. 
Electrochemical experiments have indicated that the oxidative polymerization of 
aniline occurs at 0.8 V, i.e the oxidants such as S208 '^, H2O2, Ce"*"^ , CraO?^ ", lOs^' etc are 
capable of effecting the chemical oxidative polymerization of aniline. 
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Another important aspect regarding polyaniline synthesis is the acid dissociation 
constant pKa, because the protonation equilibria involve exclusively the quinine diamine 
segment in polyaniline, having two imine nitrogens plcai == 1.05 and pKa2 = 2.55 [131]. 
Therefore, any acid whose pKa value falls within this range can act as a dopant. Acids 
having pKa value around that of an equilibrium ion (pKa = 4.6) is suitable as a solvent 
[132]. 
The properties of final polymeric products depend on the chemical nature of the 
acid used, pH of the acid and the temperature of synthesis. 
1.5.2.1 Chemical Synthesis 
Polyaniline is generally synthesized by chemical method by dissolving aniline 
in HCL or H2SO4 using ammonium persulphate as oxidant [133-138]. This 
polymerization is a two electron change reaction and hence the persulphate requirement 
is one mole per mole of the monomer. Higher quantity of persulphate is generally 
avoided as it causes oxidative degradation of the polymers. For better polymer formation 
both the aniline solution in protonic acid and the oxidants are precooled to 3-5 C. The 
mixture is stirred for two hours and the precipitated emeraldine salt is filtered, washed 
and dried. 
The emeraldine base is prepared by treating the salt with ammonium hydroxide. 
The polymerization process can be represented as-
-> 
Ar-NH2 Ar-NH2 
Ar-NH2 • Ar-NH-Ar-NH2 
S208 '^ -2e', -2H' 
Fuillier oxidative coupling 
Ar-NH-ArNH-ArNH2 •Polyaniline 
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High molecular weight polyanilines are made possible by lowering the 
temperature [139,140]. Mattoso et al [139] reported that polyaniline with a molecular 
weight of 417000 was prepared by oxidative polymerization of aniline with ammonium 
peroxy disulphate of about -40 ^C. Salt such as LiCl, CaCia or LiN03 etc added to the 
reaction mixture also favor the formation of polyaniline with higher molecular weight. 
Yue et al [141,142] reported the synthesis of sulphonated polyaniline with aqueous 
processibility and pH independent conductivity for pH < 7.5. Later, Wei and Epstein 
[143] reported an alternative approach to synthesis sulfonated polyaniline with a higher 
sulphur to nitrogen ratio and with a higher solubility. Just as fuming H2SO4 is used to 
improve the processibility, Chen et al. [144,145], Roy et al. [146] and Wei et al. [147] 
have reported that, introduction of a functional group can make a polyaniline soluble in 
organic solvents or in aqueous solution. 
Recently, Lin et al [148] reported the synthesis of water soluble polyaniline by a 
biological route using aqueous solution containing aniline, sulphonated polystyrene, 
hydrogen peroxide and peroxidase enzyme. 
They used highly hydrophilic sodium dodecylesulphate as a template to aid the 
foimation of a polyaniline with more ordered, para-directed and head to tail polymerized 
structure to form polyaniline, dodecylesulphate complex to make it water soluble. Very 
recently, Zhe Jin al [149] used a novel method for polyaniline synthesis with the 
immobilized peroxidase enzyme. 
L5.2.2 Electrochemical Synthesis 
Electrochemical Synthesis of conducting polymers is an electro-organic process 
in which the active species is generated on the electrode surface through electron transfer 
between the substrate molecule and the electrode. The substrate molecule is transfomied 
to a radical cation or anion and the reaction is diffusion controlled. The radical generated 
react faster than they can diffuse away from the electrode vicinity. Electrode materials 
normally used are transition metals or noble metals. Anodic oxidation of aniline is the 
preferable method to obtain clean and better ordered polymer as a thin film. 
The oxidation of an organic substrate of the anode surface can occur by either of 
the following steps as shown in Fig. 2.3. 
7^ 
R- -• r 
at anode 
->• R N Addition Reaction 
•• R * R ^ Dispropoitionation 
-^ R 
- R - R 
•*• R^ Carbocation 
.?+ (RR)^ Dimerion 
R: Dication 
Fig. 2.3 Basic Principle Involved in the anodic oxidation of organic substrate. 
Acidic condition 
•> NH,- Ai- -Ar - NH. 
.%NH, 
Neutral condition 
A1--NH-A1--NH. 
Alkaline Condition 
-^ R - A i - N - N - A r - R 
Fig. 2.4, the course of an anodic reaction of aniline under different electrolytic 
conditions. 
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From Fig. 2.4 it is clear that the reaction is highly pH dependent. Electrochemical 
method also offers an opportunity to carry out various in-situ spectroscopic studies as 
well as conductivity and doping measurements level at various potentials by use of 
QCMB (Quartz Crystal Micro Balance). 
Electrochemical synthesis is achieved by three ways: 
1 - Galvanostatic-constant current, 1-10 mA during electrolysis 
2- Potentiostatic-keeping potential constant, 0.7-1 .IV vs standard electrode 
3- Sweeping Potential-Between two potential limits, -0.20V to l.OV versus some 
standard electrode. 
The electrochemical polymerization of aniline was first reported by Litheby in 
1862 [107] as a test for the determination of small quantities of aniline. Ahnost 100 years 
later in 1862, the interest in the electrochemistry of aniline got revived, when Mohilner 
et al. [151] reported the mechanistic aspect of aniline oxidation, Buvet et al. [152] studies 
the influence of water on conductivity measurement. The electrochemical oxidation of 
aniline in to polyaniline has been studied extensively by Adams et al. [153]. They 
established that the electrochemical oxidation product of solution of aniline (10 m mole) 
in 0.1 M H2S04 was identical with emeraldine suggested by green and Wood head [154] 
and reported electrokinetic parameters for aniline oxidation such as transfer coefficient 
and reaction order from concentration dependency. They also proposed an oxidation 
mechanism for the preparation of emeraldine which was considered to be head to tail 
oligomer, an octamer rather than a polymer. 
The electrode when conducted in a base media, the major product was observed 
to be is the head to tail dimer, azobenzene [155]. 
Major interest in the electrochemistry of polyaniline was started after the 
discovery that aromatic amine, pyrrole, thiophene etc. can be polymerized anodically to a 
conducting film [156,157]. Diaz et al. [158], Genies and Syed [159] and Noufi et al. 
[160] reported the preparation of polyaniline in an aqueous acid solution using platinum 
electrode by cycling a potential between -0.2 to 0.8 versus standard calomel electrode. 
Askova and Milcher [161] reported that the growth of polyaniline was drastically 
enhanced when the pulse potentiostatic method was used [162]. They indicated that the 
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pulse method did not affect the formation of first nuclei, but the early stage, where the 
oligomerization reaction and further growth up to the formation of polymer film took 
place. 
Cui et al. [163,164] attributed the origin of the difference observed during the 
static potentistatic and potentiodynamic growth of polyaniline to the accumulation of 
larger amounts of degradation. Products trapped with in the polymer matix when static 
potentiostatic step is used. 
Yang and Bard [165] reported that polyaniline film growth by the 
potentiodynamic method at faster scan rates. Rubinstein et al. [166] pointed out that the 
temporary application by cathodic bias during the anodic polyaniline growth brought 
about an effect of electrochemical film annealing. Nunziante and Pistoia [167] reported 
that polyaniline film grown galvanostafically had fibrous morphology. 
Mac Diarmid et al. [168] describe that the first redox peak of polyaniline during 
electrochemical synthesis arises from the transition of leucoemeraldine to 
protoemeraldine as well as protoemeraldine to emeraldine and the second oxidation 
process from the fiarther oxidafion of emeraldine to nigraniline later to pemigraniline. 
The pH dependency of the two redox process was supported later by Sawai et al. [169] 
from direct obsei"vation of pH change. 
Yonegama et al. [170] demonstrated that oxidized polyaniline films become 
inactive when they are deprotonated with weak acidic or alcoholic solufions. Yildiz et al. 
[171] studied the electrochemical behavior of polyaniline in acetonitrile and reached the 
same conclusion. Throgh Scanning electrochemical microscopy Frank and Denault [172] 
suggested that the occurrence of an ingress and egress of protons from polyaniline films 
during the redox process. Peter et al. [173] suggested the occurrence of an ingress and 
egress of protons from polyaniline films during the redox process. Peter et al. [173] 
suggested that the electroneutrality of the film is maintained primarily by rapid proton 
transfer through the film. Polyaniline prepared at different potentials showed different 
conductivities. Efforts were made to measure their values in Situ by Paul [174] and 
Gholamian [175] using closely spaced ultra microelectrodes. Gholemian et al. [175] 
constructed from their data, a comprehensive 3 D conductance surface 'State diagram' in 
which polyaniline conductivities are plotted as a function of applied potential. Focke et 
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al. [176] also obtained a similar result and found that the type of anion present also 
affects the conductivity. 
More complex state diagram was compiled by Genies and Veil [177]. Later, 
Genies and Tsintavis [178] suggested that the maximum conductivity is obtained when 
anion insertion is complete. Yoneyama et al [179] concluded after examining eight 
anions of different basicity that, the greater is the basicity of the counter anion, lower is 
the conductivity of the polyaniline films. 
1.6. Substituted Polyanilines 
Since it is very difficult to process polyaniline using common techniques, 
strategies were worked out to induce solubility and processibility in polyaniHnes. One 
method is by substituting one or more hydrogens by an alkyl, alkoxy, arylhydroxyl, 
amino groups or halogens in an aniline nucleus, some of which were found to modify the 
solubility. 
Dao et al. [180] have carried out extensive investigation of chemical and 
electrochemical polymerization of substituted polyanilines. They reported that the 
chemical synthesis yields a polymer having a higher molecular weight and that no 
polymer film could be prepared on the electrode surface with substituent F, CI, NO2 and 
phenyl at ortho-positions and methoxy group, F, CI, NO2 at meta-positions. Leclare 
[181] has shown that poly(2-methyl aniline) has properties similar to that of polyaniline. 
Manohar et al. [182] reported the polymerizafion of N-methylaniline with a 
conducfivity of-10 Scm" and the copolymer with aniline has a conductivity of ~10"' 
Scm' . 
Dhawan et al. [183] have reported the formafion of two types of polymers on 
electropolymerization of o-ethoxyaniline. The polymer in direct contact with the 
electrode surface is green similar to polyaniline, whereas the one in contact with the 
electrolyte is pink and has more quinoid character and also has a good solubility in 
methanol and ethanol. 
Wei and Fock [184] have reported the synthesis and electrochemistry of Poly (o-
toluidine), Poly (m-toiuidine) and poly (o-ethylaniline) and compared their properties 
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with polyaniline. They reported that the steric effects are mainly responsible for the 
decrease in conductivity, blue shift of n~*K* transition band in UV spectra and for lower 
AE|/2 values of the alkyl ring substituted Polyanilines. 
Trevedi [185] has suggested that in copolymers, electron transfer is always faster 
than in homopolymers, due to the difference in charge density on substituted and 
unsubstituted constituents in polymer chain as a result of the substituents in polymer 
chain as a result of electronic effect of the substituents which may facilitate electron 
transfer. 
Genies et al. [186] have reported a detailed study on the polymerization of ortho-
N-hexyl aniline and reported that although it has a lower conductivity than polyaniline, it 
displays faster electron transfer. Gupta et al. [187] have reported that the thermal stability 
of doped poly (o-methylaniline) strongly depends upon counter ions. 
Dhawan et al. [188] studied the electropolymerization and copolymerization of 2-
methylaniline with aniline and have shown that, the polymerization of molar ratio more 
than 1:0.5 (2-methylaniline: aniline) leads to a polymer where cyclic voltamogram is 
devoid of the middle peak. This has been attributed to the absence of quinine and this 
copolymer has a switching response time of 40 ms. Kang et al. [189] carried out the 
polymerization on 2-fluoroaniline and 2-chloroamline by chromic acid at various pH. . 
They reported that the substitution by an electronegative group lower the conductivity of 
the polymer. 
Mattoso et al. [190] reported the synthesis of poly (2-methoxyaniline) earned out 
at -50 C in the presence of LiCl and HCl. The polymerization reaction was terminated 
using acetone to prevent scission of the polymer chain under acidic condition. Ohsaka et 
al. [191] studied the polymerization of N, N-dialkyl subsitituted anilines such as N, N-
dimethylaniline, N, N-diethylaniline, N-methyl N-ethylaniline and N, N-dibutylaniline. 
They reported that these polymers do not have well defined voltametric peaks. They also 
described the ion exchange property of these polymers. 
Yan and Toshima [192] have reported that it is possible to polymerize 2, 5 and 2, 
3 dimethylanilines under acidic conditions using cerium sulphate as an oxidizing agent. 
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Munaf et al. [193] have reported the electro synthesis of polyanisidine in biphasic 
media. One phase comprises of non polar solvent containing the monomer and the other 
polar medium containing some added electrolyte using FeCb as catalyst. 
Kilmartin et al. [194] have reported photoelectrochemical and spectroscopic 
studies of copolymers of orthanilic acid and aniline. The degree of sulfonation and the 
oxidation state of the elements were examined using X-ray photoelectron spectroscopy 
and further by in situ Raman spectroscopy. Photocurrent profiles on a millisecond time 
scale in response to a light-flash perturbation is producing exclusively anodic 
photocurrents for the copolymer in the conductive state. Partial phase diagram for the 
sulfonated copolymer were constructed, mapping the conductive regions as a function of 
pH and the electrode potential. 
Umare et al. [195] investigated the influence of copolymer composition on the 
transport properties of conducting copolymers, poly (aniline-co-o-anisidine). UV-VIS 
spectra show a hypsochromic shift with an increase in the o-anisidine content in 
copolymers, indicating a decrease in the extent of conjugation. Transport parameters 
such as localization length and average hopping distance are also calculated. Effect of 
raonomeric composition coherence length is discussed. 
Recently, Aysegul Gok and Bekir Sari [196] have reported the chemical synthesis 
of poly (o-toluidine) and poly (2-chloraniline) and investigated the effect of protontion 
medium. UV-VIS spectral analysis results indicated that poly (o-toluidine) has better 
protonation effect than poly (2-chloroaniline). Magnetic susceptibility measurements of 
the polymers showed that poly (o-toluidine): (CH3COOH) and poly (o-toluidine): 
(C2H5COOH) salts are of bipolaron structure. 
Roy and Ray [197] have reported the polymerization of m-nitroaniline and p-
nitroaniline using ammoniumperoxydisulphate. The polymers showed the lower 
conductivity. In m-nitroaniline, a head to tail polymerization, whereas in p-nitroaniline 
ortho coupling has been suggested. Steric hindrance and the effect due to nitro group 
determine the spectral and other properties of these polymers. 
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1.7. Spectroscopic Properties of Polyaniline 
1.7.1 UV-Visible spectra of Polyaniline 
The UV-Visible spectra of green emeraldine salts (ES), typically exhibit three 
absorption bands at 350, 430 and 810 nm assigned to a 7t- 7t* band, a ;r-polaron and a 
polaron n* band transition, respectively [198-200]. Protonated emeraldine salt converts 
to the blue emeraldine base in neutral or base medium and even at pH 3-6 [201]. A color 
change from green to blue accompanies this process. The emeraldine base (EB) exhibits 
two strong bands in UV-Visible spectrum at 340 and 620 nm [198]. These are assigned 
to a K- K* band and an exciton band transition, respectively [199,202]. The %- %* band is 
associated with the quenoid rings [203]. 
Cloroless lecoemeraldine base (LB), generated via chemical or electrochemical 
reduction of emeraldine salt or base, shows only one absorption band in its UV-visible 
spectrum at 320 nm, assigned to a n- %* transition. Leucoemeraldine salt also exhibits a 
71- 71* band, at lower wave length to leucoemeraldine base. 
Partial oxidation of Polyleucoemeraldine results in a second peak in visible 
region (~ 630 nm) whose intensity increases with polymer oxidation state which is 
associated with extciton transition in quinoid rings. Further oxidation to pernigraniline 
results in a blue sift in the quinoid as well as n- n* transitions. Violet pernigraniline 
base(PB) exhibits two strong absorption bands at 340 and 540nm, assigned to a TI- ii* 
band and peierls gap transition [157] respectively. Blue protonated pernigraniline 
salts(PS) shows two strong absorption bands at 350 and 690nm and is a different shade 
of blue compared to emeraldine base(EB). The colours, UV-Visible absorption peak and 
corresponding electronic transitions of various polyaniline are summarized in Table 1.1. 
Wei et al. [205,206] synthesized highly sulphonated polyaniline with aquous 
processibility. They used both emeraldine and pernigraniline as starting materials to 
prepare sulphonated polyaniline. They reported that UV-Vis absorption bands of 
leucoemeraldine base-sulphonated polyaniline(LEB-SPAN) in aqueous O.IM NH4OH 
are blue shifted relative to those of emeraldine base-sulphonated polyanilne (EB-SPAN). 
The absorption spectrum of polyaniline also depends on the conformation 
adopted by the polymer chains and on the conjugation length. For example, X,max for the 
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longest wave length absorption bands of emeraldine salts is red shifted for polymers with 
longer conjugation length and/or replaced by a broad, strong free carrier tail in the 
infrared region. 
The A,max is red shifted to 1500-2500 nm when the polyaniline chain changes 
conformation from a "compact coil" to an "extended coil" conformation [207]. 
The conformation of polyanilines and therefore the position of their UV-Visible 
bands, has recentely been shown to depend on the solvent (solvatochromism) and 
temperature (thermochromism) [208,209]. 
Table-1.1, Colors, UV-visible absorption peaks and corresponding absorption transitions 
of Polyaniline films. 
Polyaniline Colouration >-max(nm) Electronic transition 
Emeraldene salt Green 350,430 and 810 n- %*, 7t-polaron and 
polaron- n* 
Emeraldine base 
Leucoemeraldine 
Salt 
Leucoemeraldine 
Base 
Pemigraniline salt 
Blue 340 and 620 
Colourless 298 
Pale-yellow-green 320 
Blue 350 and 690 
%- ji* and exciton 
%- 71* 
71- 71* 
71- 7t* and peierl 
transition 
Pemigraniline base Violet 340 and 540 71- 71* and peierls gap 
transition 
^^ 
1.7.2 FT-IR Spectroscopy 
The FT-IR Spectroscopy is used to study the structural characteristics of PANI 
and its co-polymers. The oxidative polymerization process generally gives rise to new 
infra-red active modes whose appearance is associated with the formation of the 
polymer. 
Neugebauer et al [210] have studied FT-IR spectrum of polyaniline by carrying 
out FTIR measurements during cyclic voltametric experiments at pH =8.5 and observed 
a sharp increase in absorption at -1380, -1490, -3880, -1245 and -1140 cm' and 
decrease at -1600, -1510 and -1300 cm'' during oxidation. These change may be due to 
the transition of benzenoid (-1600 cm''and 1510 cm'') to quenoid (-1580 cm"' and 1490 
cm'') which is similar to the oxidation of the polyaniline under similar condition. 
M. Trchova [211,212] studied the thermal degradation of polyaniline films 
polymerized in situ on silicon windows and protonated with hydrochloric, sulphuric or 
phosphoric acid by using FTIR spectroscopy. The FT-IR spectral measurements ere 
carried out on PANI films deposited on silicon windows during heat treatment in air. 
Trchova also explained, other chemical changes and nature of stnictural modification 
introduced during thermal treatment have been interpreted with the help of FTIR 
spectroscopy. • 
Masan et al. [213], Kuzmany et al. [214], Shacklette et al. [215], Epstein et al. 
[216] and Bloor et al. [217] have reported FT-IR results of polyanilne. It has been shown 
that absorpfion frequencies are strongly influenced by electrochemical potential. It has 
been reported that the intensity of 1570-1590 cm'' band relative to -1500 cm'' is a 
measure of the degree of oxidation of polyaniline film. 
Similarly, the peak at -1375 cm'' which is due to the formation of semiquinoid 
ring N ring mode whose intensity also increases with degree of oxidation [218] and fully 
quenoid ring absorption at -1630 cm' and 1150 cm''. In over oxidation, the decrease in 
intensity at 1630 cm' indicates degradation of the quenoid structure as reported by 
Hazdaetal[219]. 
During electrochemical doping, the absorpfion intensifies increase at -1563, 
-1477, -1300, -1244, -1158 and -1041 cm'' while absorpfion at 1507 cm'' shows a 
decrease in intensity. When the anodic potential exceeds 600 mv, increases in absorption 
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intensities at 1627, 1578, 1507, 1376, 1339 and 1100 cm'' are observed. During 
oxidation, absorption due to benzenoid -1570 cm"' and 1470 - 1490 cm'' due to quenoid 
ring is observed. 
1.7.3 Nuclear Magnetic Resonance Spectra 
Trivedi et al. [220,221] have reported for ' H - N M R shift in dimethylsuifoxide 
(DMSO) with reference to trimethyl silane (TMS). Trivedi has also reported a '^C-NMR 
chemical shift for 33% doped polymer. Kepler et al. [222] and Sandberg et al. [223] have 
I T 
also reported C-NMR of various forms of polyaniline. Li et al. [224] reported chemical 
shift observed in 'H-NMR spectrum of soluble polyaniline doped with p-
toluencesulfonic acid and reported peaks at 6.97 ppm and 7.99 ppm for C-aromatic, 3.54 
ppm and 3.26 ppm for C-H aliphatic and 5.82 ppm forNH. 
Kenwright et al. [225] suggested that the solubility of both polyleucoemeraldine 
and polyemeraldine base in N-Methyl pyrrolidone (NMP) allows the registration of '"^ C-
NMR spectra of these compounds. In an ideal chain of polyleucoemeraldine, only two 
types of non-equivalent carbons are present (1) carbons bonded to hydrogen and (2) 
carbons that do not form bond v i^th hydrogen. Two major peaks in the chemical shift 
regions corresponding to aromatic carbons are observed at 117.8 ppm and 137.4 ppm. In 
addition to these dominant peaks, several peaks of low intensity are observed which are 
associated with polyleucoemeraldine chain defects of various types. 
A more complicated spectrum is expected for polyemeraldine base, because of 
co-existence of reduced benzenoid and oxidized quinonoid units in the polymer chain 
which produces eight groups of non-equivalent as a consequence of the introduction of 
quinoid rings. 
In the polyleucoemeraldine base, phenyl rings are coupled together by rotational 
junction point (amine nitrogen) giving a single structure. On the other hand, the 
polyleucoemeraldine base consisting of quinonoid ring and two imine nitrogen atoms are 
rotationally locked which in turn leads to a cis-trans isomerism. Several different 
conformation leading to distinctly different NMR lines can therefore be expected. 
Kenwright et al. [225] and NI et al. [226] have proposed the assignment of 
principal NMR lines of polyemeraldine base by comparison with low molecular weight 
model compounds. The use of d.e.p.t-90 technique allowed for the differentiation 
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between protons bonded carbons and those carbon atoms which do not form bonds with 
hydrogen. Kaplam et al. [227] have reported '^ N NMR of polyaniline to elucidate the 
structure of leucoemeraldine and on emeraldine base by taking p-amino biphenyleamine 
as a model compound. They reported a single peak at 54.2 ppm due to -NH group in 
polyleucoemeraldine and at 61 ppm and 62.3 ppm for emeraldine base and emeraldine 
salt respectively. 
Stein et al. [228] performed '"^ C-NMR on both doped and undoped emeraldine 
and recorded the peaks at 118, 142, 131 and 134.7 ppm for protonated polyaniline and at 
141 and 155 ppm for leucoemeraldine base. 
1.8. Objectives 
The major problem with the conducting polymers is the non-processibility by 
solvent or melt techniques. Most of them are insoluble in common solvents and undergo 
degradation before reaching the melting point. Also they have very poor mechanical 
strength and are environmentally unstable. Very recently many researchers have 
succeeded in overcoming these problems [229] and generating polymer composite and 
blends [230, 231] which can show better stability and mechanical strength. 
Amongst conducting polymers, polyaniline (PANI) is one of the most extensively 
studied polymers due to its environmental stability, interesting redox properties and 
facile synthesis. Here, monomer is easily available and much cheaper than the monomers 
of any other conducting polymers. 
This thesis describes various studies on the copolymers derived from aniline and 
substituted anilines aimed at a greater understanding of electric, electronic and thermal 
properties of the materials and the problems impeding their applications. 
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2.1. Introduction 
The opportunity to synthesize new conducting polymers with improved/desired 
properties began to attract the attention of the synthetic chemistry in 1980. Ahhough it 
would be an overstatement to claim that chemist can now control the energy gap of semi 
conducting polymers through molecular design, they certainly have come a long way 
towards that goal. The electrochemical doping of conducting polymers was discovered 
by Mac Diarmid and co-workers in 1980 and opened yet another scientific direction [1]. 
Amongst conducting polymers, polyaniline (PANI) is one of the most extensively 
studied polymers due to its environmental stability, interesting redox properties and 
facile synthesis [2, 3]. PANI was first synthesized in 1862 and has been extensively 
studies as conducting polymer since 1980 [4, 5]. Shirkawa group [6, 7] that doped 
polyacetylene film could show electrical conductivity as high as 10"' Scm"' triggered the 
world wide activity in the field of conducting polymers. For the improvement of 
mechanical stability and processibility, many strategies like introduction of alkyl, 
arylhydroxy, amino or halogen groups, preparation of composite and copolymers have 
been proposed. The synthesis of copolymers from substituted aniline was found easier 
and more effective [8-10]. Copolymerization is one of the simplest methods for 
providing the processibility of PANI. It leads to a homogeneous material by adjusting the 
ratio of the concentration of monomers in the feed [11, 12]. Knowledge of thermal 
stability of conducting polymers is important for their use in many practical applications 
[13-16]. 
Snauwaert synthesized poly (halogen anilines) by chemical and electrochemical 
oxidation of monomer but the polymers were not fully characterized [17]. Kang and Yun 
have carried out a polymerization study on 2-fluoro and 2-chloroaniline by chromic acid 
at various pH values. Their results indicate that substitution by an electronegative group 
lowers the conductivity of a polymer [18, 19]. Mac Diarmid [20] reported that the 
torsional angle between the adjacent phenyl rings affects the electronic as well as the 
electrical properties of polyaniline. 
The conductivity can be related to intrinsic factors, such as macromolecular 
structures, the morphology and the type of the acid used for the preparation and to 
extrinsic factors, such as surrounding atmosphere and temperature [21]. 
Here in, we report the preparation of series of a poly (aniline-co-m-chloroaniline) 
as a means of PANI (Polyaniline) derivatives, combining good solubility with higher 
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conductivity. The effect of halogen (-C1) atom in aromatic ring on electrical and 
structural properties of the obtained polymers were studied. Furthermore, the 
spectroscopic, thermal and electrical properties of the polymers were comprehensively 
investigated in this study. 
The thermogravimetric data have been used to explain the stability in terms of 
structural changes in the co-polymers. The conductivity of protonated PANI decreases 
during thermal treatment at elevated temperature. The conductivity stability can be 
related to intrinsic factors, such as macromolecular structures, the morphology and the 
type of the acid used for the preparation and to extrinsic factors, such as surrounding 
atmosphere and temperature [22, 23]. 
2.2. Experimental 
2.2.1 Materials 
Aniline: Ranbaxy chemicals (distilled under reduced pressure), m-chloroaniline 
was distilled twice prior to use. Ammonium persulphate (99%) CDH chemicals, AR 
grade. Dimethyl sulfoxide (DMSO) (99%): Merck India. N, N dimethyl formamide 
(DMF) (99%): Fluka. Acetone (99%): Merck India, AR grade were all used as received. 
Methanol (99%) Merck.India (used as received). All the aqueous solutions were prepared 
in double distilled water. 
The FT-IR. spectra of the polymers were recorded on a FT-IR Spectrophotometer 
(Perkin Elmer) in a KBr Pellets, 10 % (w/w). The UV-Vis spectra were collected using 
ELICO SL 177 Scanning Mini spectrophotometer with quartz cells of 1 cm optical path 
length was used. 0.05 % was prepared for each sample. The electrical conductivity of 
pressed Pellets of co-polymers was measured by two probe method at a frequency 100 
Hz and 10 KHz using a Genard Bridge (1659 RLC Dig bridge, USA). Thermo 
gravimetric analysis (TGA) was carried out using a DTG-60H, Simultaneous DTA-TGA 
Apparatus by SHIMADZU CORP (00134). Polymer samples were heated under N2 
atmosphere from 70 "^C to 700 °C at heating rate of 20 ^Cl min. 
2.2.3 Synthesis of Copolymers 
The copolymers of PANI with m-chloroaniline were synthesized by chemical 
oxidative coupling of aniline with m-chloroaniline as shown in Fig. 1(a) and Fig. 1(b). In 
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order to obtain the copolymers of different composition, different molar ratios of the 
respective monomers were used in the presence of Ammonium persulphate under acidic 
condition. Various steps involved in the co-polymerization process are shown in 
scheme-1. 
Desired quantities of aniline and substituted aniline were dissolved in IM HCL 
solution. The solution was cooled to 0 to 4 C, a precooled solution of Ammonium 
persulphate in IM HCL was then added slowly in to the monomer solution with constant 
stirring at 0 - 4 C under nitrogen atmosphere. The additional stimng was continued for 
another 5 hrs. The reaction mixture was then kept over a whole night at room 
temperature, after which the formed copolymer precipitate was filtered and washed with 
0.1 M HCl, distilled water thoroughly followed by methanol to remove the low 
molecular weight oligomers. Finally the product was washed with acetone, vacuum dried 
and kept at 80 C for 8 hrs. A greenish black emeraldine salt was obtained. The finely 
ground product was stored in vacuum desiccators for experimentations [24, 25]. 
The salt form of the co-polymer was converted into base form by treatment with 
0.25M NH4OH for 24 hrs. The resultant base was filtered, washed and dried in air oven. 
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Fig. 1(a) Repeat unit for homopolymers (R = H for PA, R = CI for P-m-ClA). 
1-x 
Fig. 1(b) Repeat unit for copolymers. 
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Aniline and m-chloroaniline 
InlMHCL0-4°C 
(NH4)2S2O8inlMHCl,0-4'^C 
Mixed with constant stirring Ih, 0-4 "C 
under Ni atmosphere 
Stirring continued, for another 7 hr 0-4 °C 
under N2 atmosphere kept overnight 
Filtered (ppt collected), washed with distilled water, 
methanol. 
Dried in an air oven, 70-80 C 
Emeraldine Salt 
Treated with 0.25M NH4OH stirring, 4h 
Kept overnight 
Filtered (ppt collected), washed with 
distilled water, methanol. 
Dried in an air oven, 70-80 C 
Emeraldine Base 
Scheme-1 
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2.3. Result and discussion 
2.3.1. Yield and Conductivity: 
The copolymerizations of aniline with m-chloroanihne were found to be a slow 
process compared with homopolymerization of aniline to form PANI. The appearance of 
green color in the reaction mixture was taken as the indication of the copolymerization. 
The time taken for the initial color change of the reaction mixture upon addition of the 
oxidant along the % yield and electrical conductivity are given in Table 1. 
The yield of the copolymers decreased with increasing chloroaniline content in 
the co-monomer feed. This could be traced to the electron withdrawing effect of the 
substituent -CI group, which lowered the aniline basicity and led to a lower degree of 
polymerization. 
On increasing the percentage of chloroaniline in the copolymers, the 
conductivity decreases due to increase of the disorder in the copolymer chain, which 
decrease the conjugation and hence the electron delocalization, electrical conductivity 
decreases. Lower electrical conductivity may also be due to decreased inter chain 
diffusion of the charge carriers in the copolymers induced by increased separation of the 
polymer chains due to the presence of the CI group and lower crystallographic order. 
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Table-1 % Yield & Conductivity of Polymers. 
Polymers % Yield Time taken for 
Initial color change 
(Minutes) 
2-3 
8-10 
10-12 
17-20 
20-22 
Conductivity 
(Scm"') 
1.98 X 10"' 
2.58 X 10"^  
3.10 X 10'' 
1.18 X 10-^  
1.16x10"^ 
PANI 79.84 
PA-co-m-ClAl:l 58.26 
PA-co-m-ClA 1:2 52.36 
PA-co-m-ClA 1 ;3 40.1 
P-m-ClA 38.16 
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2.3.2. Solubility 
Polyaniline and its copolymers with m-chloroaniline with different monomer 
compositions were studied for their solubility (Table-2) in several solvents such as water, 
cone. H2SO4, dimethylformamide (DMF), dimethylsulphoxide (DMSO), acetone, 
CHsOH.-.etc. 
Table-2: Solubility characteristics of as prepared polymers in various solvents at room 
temperature 
polymers H2O H2SO4 ACETONE CH3OH DMF DMSO 
PANI 
PA-co-m-
C1A1:1 
PA-co-m-
Cll:2 
PA-co-m-
Cll:3 
IS 
IS 
IS 
fS 
MS 
MS 
S 
S 
IS 
SS 
MS 
s 
IS 
MS 
MS 
MS 
IS 
S 
S 
S 
IS 
s 
s 
s 
IS: Insoluble 
MS: moderately soluble 
SS: slightly soluble 
S: soluble 
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2.3.3 FT-IR Spectroscopy 
The FT-IR spectra of PANI and the copolymers are shown in Fig. 2 and the 
corresponding absorption in Table 3. A FT-IR spectrum of PANI shows peaks at 3432 
cm'' for N-H stretching. The band at 1600 and 1472 cm'' corresponds to C-C ring 
stretching vibration of the quinoid and benzenoid form. Absorption at 1296 and 
1122 cm'' corresponds to C-N stretching and C-H bending mode [8, 14]. 
The FTIR spectrum of the co-polymer PA-co-m-Cl 1:1 shows two bands at 
3309 cm'' and 3140 cm"' characteristic of the -NH2 and N-H stretching. The band at 
1752 cm' and 1618 cm'' are assigned to the quinoid and the benzenoid phenyl ring. The 
band at 650 cm' is characteristic for C-Cl stretching [12, 13] with increasing in the 
amount of m- chloroaniline as PA-co-m-Cl 1:2, PA-co-m-Cl 1:3 as shown in Fig. 2, the 
intensity of the band C-Cl increases and absorption shifted to lower frequencies. 
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4000 3500 3000 2500 2O0O 
V/avent imber ( c m ' ) 
1500 1000 500 
Fig. 2 FTIR spectra of: a) PANI b) PA-co-m-Cl 1:1c) PA-co-m-Cl 1:2, d) PA-co-m-Cl 
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Table-3 Characteristic FT-IR absorption frequencies (cm ) of the as-prepared 
copolymers. 
PANI PA-co-m- PA-co-m- PA-co-m-
Cll:l CI 1:2 CI 1:3 
Band characteristics 
3432 3309 3300 
1600 1659 1654 1654 
1472 1499 1437 1437 
1296 1256 1313 1313 
N-H Stretching vibration 
C=C Quinoid vibration 
C=C Benzenoid vibration 
C-N Stretching vibration 
1122 1096 1034 1029 C-H Bending Mode in the 
plane 
662 . 699 699 C-Cl stretching 
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2.3.4 UV-Vis Spectroscopy 
UV-VIS absorption spectra of the PANI and its copolymers in DMSO and DMF 
are presented in Fig.3 (a) and Fig. 3(b) respectively. The corresponding absorption peaks 
positions are presented in Table-4. There are two absorption bands in the electronic 
spectra of homopolymers and copolymers in DMF and DMSO. The band around 280 to 
380 nm is assigned to the TI-TT* (band gap) electronic transition in the phenyl ring in the 
polymer backbone and the peak above 570 nm is due to inter band charge transfer 
associated with excitation of the benzenoid to the quinoid moieties. 
There is hypsochromic shift in both absorption bands of the copolymers as 
compared to that in polyaniline. When -CI group are present on the phenyl rings, the 
substantially alter the planarity of the system and influence the % orbital overlap resulting 
a shift in the n-n* transition band. Thus, the blue shift was due to the presence of a 
chloro group present in the phenyl ring which ultimately resulted in the increase of band 
gap of the copolymers. The TI-JT* band of polymers in different solvent also show a 
hypsochromic shift with increase in dielectric constant of the solvent. Ghose and 
Kalpakkam [26] tried to explain such shift on the basis of dielectric constant of the 
solvents. 
The exciton band produced by the inter/intra chain charge transfer is due to an 
absorption from the highest occupied molecular orbital (HOMO) band centered on the 
benzenoid units to the lowest unoccupied molecular orbital (LUMO) band centered on 
the quinoid units. These local charges reflected by exciton transition are sensitive to 
chain conformation related process since solvatochromism is observed in transition. 
A polymer in solvent of high dielectric constant may exist in coiled like 
conformation (decrease in conjugation) and a less polar solvent provides 
thermodynamically more stable chain conformation and restrict the polymer to lower 
high energy planarity state. Such shift may increase the conjugation of the system which 
yields a lower energy transition, red shift [27]. 
The relative intensity of the exciton band is a measure of the degree of oxidation 
of the polymer chain [28]. Therefore it may be concluded that the oxidation state of the 
copolymers decreases as the ratio of m-chloroaniline increases in the copolymer. 
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Fig. 3(a) UV-VIS spectra of polymers. 
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Fig. 3(b) UV-VIS spectra of copolymers 
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Table- 4 UV-VIS peak positions (nm) of polymers in DMSO and DMF 
Polymers 
PA 
PA-co-m-ClA3.i 
PA-co-m-ClAl:l 
PA-co-m-ClAl:2 
- PA-co-m-ClAl:3 
P-m-ClA 
7I-Jt* 
(nm) 
322 
352 
350 
342 
340 
310 
DMSO 
n -71* 
(nm) 
620 
590 
600 
610 
610 
590 
K-n* 
(nm) 
324 
318 
310 
310 
306 
300 
DMF 
n -71* 
(nm) 
608 
596 
580 
578 
570 
540 
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2.3.5 Electrical Conductivity and Charge Transport Studies 
In order to understand the basic nature of charge transport, the temperature 
dependant conductivity data were fitted to Arrhenius equation (band conduction) as well 
as the variable range hopping model as shown through Fig. 4(a-b) and Fig. 5(a-b). The 
temperature dependant conductivity studies revealed a thermally activated conduction 
phenomena in copolymers. The electrical conductivity increases linearly with increase in 
temperature in the whole of the temperature range studied [29]. The conductivity was not 
affected by moisture or humidity though it was reported that presence of moisture affect 
the conductivity as polyaniline [30, 31]. The loss of moisture leading to increased 
localization of electrons and thereby a reduction in electrical conductivity was not 
operative in these polymers. This may be an indication that, steric defects such as chain 
ends and chemical defects control the charge transport in these copolymers. 
The -CI group are likely to force the chain out of the planarity by twisting the 
phenyl rings relative to one another to lower the overlap of orbital's along the conjugated 
system. As a result the conduction electron wave function were expected to be 
substantially localized in the copolymers than those in polyaniline leading to lower 
mobility for the charge carriers. These factors were more predominant in copolymers 
containing greater number of -CI groups. That is why electrical conductivity followed 
the order i.e. 
P-m-ClA < PA-co-m-ClA 1: 3 < PA-co-m-ClA 1: 2 < PA-co-m-ClA 1: 1 < PAN! 
The observed electrical conductivity temperature data fitted best in the equation 
corresponding to the variable range hopping model [32, 33] as shown in Fig. 4 & Fig. 5. 
a(T) = aoexp(To/T)'^'* 
Where To is the Mott's characteristic temperature. GQ is the electrical conductivity at 
room temperature. 
At higher temperature range, Arrhenius plot is found to be a good fit to the data 
following equation. 
a ( T ) = aoexp(-Ea/KBT) 
Where Ea is the energy of activation and KR is the Boltzmann constant. 
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Fig. 4(a) Arrhenius plot of log o vs. 1000/T (K"') 
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1000/T(K:) 
Fig. 4(b) Arrhenius plot of log o vs. 1000/T (K'') 
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However, the data obtained for the temperature dependence of electrical 
conductivity for the copolymers of aniline with m-chloroaniline seems to fit into 
Arrhenius equation in the low temperature also but with different activation energies. 
This suggests that Arrhenius type conduction may also be operative in the low 
temperature also. 
A careful examination of the results presented through Fig. 4 and Fig. 5 shows 
that a combination of conduction mechanism is operative in these copolymers depending 
on the temperature range of the measurements. 
During the initial trial of the measurements, irregular and non reproducible 
results were observed because the pellets were found to be broken during the experiment 
at higher temperatures. Reproducible results were obtained if the pellets were cycled 
between 25 C -100 C for several times, however no reproducibility was observed when 
cycled between 25 °C and 200 °C. 
a ( T ) = aoexp(-Ea/KBT) 
Where Ea is the energy of activation and KB is the Boltzmann constant. 
2.3.6 Thermo gravimetric analysis (TGA) 
The main purpose of the TGA experiments is to study the thermal degradation 
and stability of the polymers. The TGA presented in Fig. 6(a) and Fig. 6(b) shows that 
the oxidative degradation of the polymer backbone takes place after the removal of 
trapped water followed by dopants and low molecular weight oligomers behind a very 
low % of residue [34, 35]. In TGA of PANl the initial weight loss of (1.7 %) by 130°C is 
attributed to the loss of water molecules. The weight loss of about (7.8 %) corresponds to 
the loss of HCl. Beyond 250 C, the rate of decomposition is found to be maximum at the 
500 T . Activation energy (Ea) for the thermo-oxidative degradation of the polymers 
were evaluated using the well known integral method of Broido [36-38]. 
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According to the Broido equation-
ln(lnl /y) = -EJRJ + C 
Where y = (wt - Woo) / (WQ - w„) 
y is the fraction of the samples yet not decomposed, WQ and w^ o are the initial and final 
weight and Wt is the weight at particular temperature. Plots (as shown in Fig. 7) of 
ln(lnl/y) vs. 1000/T gives a straight line whose slope gives the activation energy (Ea) as 
shown in Table-5. 
It can also be seen from the Table-5 that the major part of the thermo oxidative 
degradation of the polymer backbone takes place with higher activation energy. From 
Table 5, it is clear that activation energy increases as the ratio of chloroaniline increases 
in the copolymers. The difference in the activation energy for different polymers may be 
an indication that in each copolymer either different degradation mechanism is involved 
or this is due to the difference in the structure of polymer backbone or both. 
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Fig. 6(b) TGA Curve of polymers (A) PA-co-m-Cl 1:1, (B) PA-co-m-Cl 1:2, 
(C)PA-co-m-Cl 1:3. 
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Table-5 Activation Energies of copolymers of aniline with m- chloroaniline 
Copolymers Activation Energy (KJ/Mol) 
PANl 38.71 
PA-co-m-Cll:l 39.44 
PA-co-m-Cl 1:2 41.82 
PA-co-m-Cll:3 42.01 
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Conclusion 
The co-polymerization of m-chloroaniline with aniline takes place with slower 
rate than polymerization of aniline under the same conditions. The co-polymers are 
less conducting than PANI due to increase of disorder in the copolymer chain which 
decreases the conjugation and hence electron delocalization. 
Chemically prepared polyaniline is difficult to process by solution or melt 
techniques. Since most of the copolymers studies showed a better solubility 
characteristic. It is suggested that these materials are to be investigated for their 
applications in Sensors, Corrosion inhibition, rechargeable batteries, conducting 
coating... etc. 
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CKA^T^^S 
CdemicaC Synthesis, SpectraC Characterization andStaBiCity 
of Some ^kctricaCCy Conducting (PoCymers 
3.1. Introduction 
Conducting Polymers exhibit one of the most versatile behaviors of Polymer 
materials. A knowledge of thermal degradation and stability of conducting polymers is 
important for their use in many practical applications while the synthesis, structure and 
redox properties of electro active polymers have been reported extensively .There have 
been only few systematic studies on their thermal aging and thermal degradation 
behavior. Polyaniline (PANI) has become an important representative of the class of 
conducting polymers because of its excellent stability in air. 
Many studies are going on PANI due its ease of synthesis, novel properties and 
potential application such as sensor, light emitting diodes, solar cells, actuator, organic 
batteries [1-5]. 
One of the major problems with conducting polymers is the non-processibility by 
solvent or multitechniques. Most of them are insoluble in common solvents and 
undergoes degradation before reaching the melting point. Also they have poor 
mechanical strength and are environmentally unstable. Many researchers have succeeded 
in overcoming these problems [13-15] and are generating polymer composites and 
blends [16-18] which can show better stability and mechanical strength. 
The properties of the poly (substituted anilines) depend on the type of substitution, like 
electron withdrawing, electron donating groups or less affecting groups like alkyl groups 
[6-9]. This investigation reports how different types of groups affect the synthesis and 
properties of poly (substituted anilines). The chemical oxidative method was used to 
synthesize PANI and different Poly (substituted anilines) under similar conditions. 
The preparation of PANI and poly (substituted anilines) with above mentioned 
three different types of substitution and the detailed comparative studies have not been 
studied in detail. The aim is to study how different types of groups affect the synthesis 
and properties of poly (substituted anilines). 
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3.2. Experimental 
3.2.1 Materials 
Aniline: Ranbaxy Chemicals (distilled under reduced pressure), m-chloroaniline 
distilled twice prior to use. m-nitroaniline, o-methyl aniline. Ammonium persulphate 
(APS) (99%) CDH chemicals, AR grade (used as received). Dimethyl sulfoxide (DMSO) 
(99%): Merck India (used as received). Dimethyl formamide (DMF) (99%): fluka (used 
as received). Acetone (99%): Merck India, AR grade (used as received). Methanol 
(99%) Merck India (used as received). All the aqueous solutions were prepared using 
double distilled water. 
3.2.2. Synthesis of polymers 
The chemical oxidative polymerization of aniline, m-nitroaniline, 
m-chloroaniline and o-methylaniline were carried out under identical reaction conditions 
and procedure as Shown in scheme-1. At the start of the reaction, O.IM aniline/0. IM 
substituted anilines were dissolved in IM HCl solution. Polymerization reaction were 
started by drop wise addition of aqueous solution of APS (O.IM in 100 ml distilled 
water) and the reaction were carried out for 8 hrs at room temperature with constant 
stirring. The reaction mixture was than kept over a whole night at room temperature, 
after which the formed polymer precipitate was filtered and washed several times with 
0.1 M HCl, distilled water thoroughly followed by methanol to remove the low 
molecular weight oligomers (ammonia) [19-21]. The ratio of monomer to oxidant 1:1 
was taken because it was found that with these ratios productivity and conductivity of the 
resultant polymer is very good. 
Polymerization reaction of aniline is generally carried out for 2-6 hrs but the 
productivity of poly (substituted aniline) after 5 hrs was very low. Hence 8 hrs 
polymerization time was set to produce all the polymers. 
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Aniline and Substituted aniline 
InlMHCl,0-4°C 
(NH4)2S208in 1MHC1,0-4T 
Mixed with constant stirring Ih, 0-4 "C 
under N2 atmosphere 
Stirring continued, for another 7 hr 0-4 C 
under N2 atmosphere kept overnight 
Filtered (ppt collected), washed with distilled waten 
methanol. 
Dried in an air oven, 70-80 C 
Emeraldine Salt 
Treated with 0.25M NH4OH stirring, 4h 
Kept overnight ^^  
Filtered (ppt collected), washed with 
distilled water, methanol. 
Dried in an air oven, 70-80 C 
Emeraldine Base 
Scheme-l 
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3.2.3 Characterization of the Polymers 
3.2.3.1 FTIR Spectra 
The FTIR spectra of the polymers were recorded on a FTIR Spectrophotometer 
Inter Spec-2020 (Spectra Lab U.K.) in a KBr Pellets. 
3.2.3.2 UV analysis 
The UV-analysis was carried out using ELICO SL 177 Scanning Mini 
spectrophotometer with quartz cells of 1 cm optical path length. 0.05% solution was 
prepared for each sample. 
3.2.3.3 AC Conductivity 
The electrical conductivity of pressed Pellets of co-polymers was measured by 
two probe method using a Genard Conductivity bridge (1659 RFC Digibridge, USA) 
3.2.3.4 Thermo gravimetric analysis (TGA) 
Thermo gravimetric analysis (TGA) was carried out using a DTG-60H, 
Simultaneous DTA-TGA apparatus SHIMADZU CORP (00134). Polymer samples were 
heated under N2 atmosphere from 90 C to 700 "^C at heating rate of 20 C/ min. 
3.3. Result and discussion 
3.3.1. Yield and Conductivity: 
Polyaniline (PANI), poly (m-nitro aniline), Poly (m-chloro aniline) and poly 
(o-methyl aniline) were prepared from the respective monomer by using oxidative 
polymerization. The Yield of the poly (substituted anilines) are much less than the yield 
of PANI because the presence of any substituents on benzene ring of aniline has 
significant effect on the rate of polymerization as well as the type of polymer formed as 
shown in table I. If the substituents controls the charge density on benzene ring and its 
size and its position with respect to amino group (-NH2) also affect the polymerization 
process and properties of final product formed [11, 15]. 
The AC conductivity of the pressed pellets of these polymers was measured by 
two probe methods at a frequency of 10 KHz using a Genard Conductivity Bridge (1659 
RLC Digibridge, USA). The AC conductivity of PANI is much higher compared to that 
84 
of other polymers as shown in Tablel. It is because in PANI, all the benzene rings and 
nitrogen are expected to be in the same plane where n electron delocalization is very high 
leading to high electrical conductivity. For poly (substituted anilines) the benzene ring 
may not be in the same plane and as a result the TT electron delocalization is expected to 
be hindered leading to decrease in conductivity [22-24]. The electrical conductivity of 
POMA is higher then that of PMNA and PMCIA because methyl group has +1 effect. So 
it may increase the electron density in the polymer chain compared to PMNA and 
PMCIA. 
3.3.2 FTIR Spectra 
The structural characteristics of PANI and poly (substituted anilines) were 
investigated by FTIR spectroscopy in the range 400-2000 cm" as shown in Fig. 1. 
In the FTIR spectra of PANI, the peaks at about 1650 cm"' and 1570 cm' are due to C=C 
double bond of the quenoid rings. The absoiption at 1296 cm"' and 1120 cm"' 
corresponds to the C-N stretching and C-H bending mode [12, 22]. 
In the FTIR spectra of poly (m-chloroaniline), the band at 1750 cm"' and 
1618 cm"' are assigned to the quenoid and benzenoid phenyl ring. A very intense band at 
650 cm"' is characteristic for C-Cl stretching. 
In the FTIR spectra of poly (o-methyl aniline), the peaks at 1705 and 1544 cm"' 
are assigned to the quenoid and benzenoid phenyl rings. The peak at 1396 cm" has been 
attributed to a C-N bending. Peaks at 1111-1113 cm' are due to the C-H vibration 
modes. The peak at 820 cm"' is due to - CH3 group in the phenyl ring. 
In the FTIR spectra of poly (m-nitroaniline), the peaks at 1570 cm"' and 1450 
cm" assigned to the quenoid and benzenoid phenyl rings. The peak observed at 1340 cm" 
is ascribed to symmetric N=0 stretching vibrations due to -NO2 groups. The band at 
1320 cm"' and 1279 cm"' is ascribed to C-N stretching vibrations. 
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Table-1 % Yield & Conductivity of Polymers. 
Polymer % Yield Conductivity( S cm'') 
PAN] 
Poly (o-methyl aniline) 
Poly (m-chloro aniline) 
Poly (m-nitro aniline) 
79.84 
48 
34 
20 
86 
1.98 X 10"' 
6.56 X 10'^  
3.64 X 10-^  
1.02 X 10"^  
o 
o 
c 
£ 
c 
1800 1600 1400 1200 1000 800 600 400 
wavenumber(cm^) 
Fig. 1 FT-IR Spectra of a) PANI, b) Poly (m-chloro aniline), c) Poly (o-methyl aniline) 
d) Poly (m-nitro aniline) 
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3.3.3 UV-Vis spectra 
There are two main absorption bands in the electronic spectra of PANI, PMCIA, 
PMNA, and POMA in DMSO and DMF [6, 7]. The corresponding bands are given in 
Table-2. The band around 280 to 380 nm is assigned to the TI-TI* (band gap) electronic 
transition in the phenyl ring in the polymer backbone and the peak above 570 nm is due 
to inter band charge transfer associated with excitation of the benzenoid to the quenoid 
moieties. The TZ-K* band of polymers in different solvent also show a hypsochromic shift 
with increase in dielectric constant of the solvents. Ghose and Kalpakkam [27] tried to 
explain such shift on the basis of dielectric constant of the solvents. A polymer in solvent 
of high dielectric constant may exist in coiled like conformation (decrease in 
conjugation) and a less polar solvent provides thermodynamically more stable chain 
conformation and restrict the polymer to lower energy high planarity state. Such shift 
may increase the conjugation of the system which yields a lower energy transition, red 
shift [28]. The exciton band produced by the inter/intra chain charge transfer is due to an 
absorption from the highest occupied molecular orbital (HOMO) band centered on the 
benzenoid units to the lowest unoccupied molecular orbital (LUMO) band centered on 
the quinoid units. These local charges, reflected by exciton transition, are sensitive to 
chain conformation related process since solvatochromism is obsei-ved in transition. 
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Table-2, UV-VIS peak positions (nm) of polymers in DMSO and DMF 
DMSO DMF 
Polymers 
7C-7I* n-Tl* 71-71* n-K* 
(nm) (nm) (nm) (nm) 
PANI 322 620 324 608 
Poly (m-nitro aniline) 302 407 304 410 
Poly (m-chloro aniline) 302 586 296 578 
Poly (o-methyl aniline) 320 590 270 600 
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3.3.4 Electrical Conductivity and Charge Transport Studies 
The temperature dependant electrical conductivity studies revealed a thermally 
activated conduction phenomenon in all these conducting polymers [11, 12]. The 
electrical conductivity increase linearly with increase in temperature in the whole of 
temperature range studied [15, 24]. 
The temperature dependent conductivity data obtained in the temperature range between 
303K to 473K can be fitted to Arrhenius equation-
a T = Aexp(-Ea/kT) (1) 
The plot as shown in Fig. 2 of log a T vs. 10 /T gives a curve whose slope 
(-Ea / 2.303R ) give the value of activation energy given in Table 3. 
3.3.5 Thermal gravimetrical analysis 
When all these polymers are subjected to continuous heating, they exhibit 
several steps of loss in weight at different temperature as shown in TGA curves in Fig 3. 
The general observation from the thermograms is that the oxidative degradation of 
polymer backbone takes place after the removal of trapped water followed by dopants 
and low molecular weight oligomers behind a very low % of residue [25, 26]. 
Thermogram of PAN! shows three distinct regions of weight loss. The initial 
weight loss of (-1.6 %) at 160 C is attributed to the loss of water molecules. The weight 
loss of about 7.4% at 250 *^C corresponds to the loss of HCL. Beyond 250 °C, the rate of 
decomposition is found to be maximum at the temperature 500 C. 
The maximum decomposition of PMNA occurs at 460 C, which occurs at 440 
°C for POMA and 480 '^ C for PMCIA. 
During the degradation of polymer backbone, compounds such as ammonia, 
aniline, p-phenylenediamine are reported to be formed. 
From thermogravimetric analysis, it is conclude that PANl shows maximum 
thermal stability among the polymers under investigation. The order of theimal stability 
PAN] > POMA > PMNA > PMCIA is in accordance with the %weight loss on 
continuous heating. The rate of degradation is much faster in PMNA and PMCIA than in 
PANI and POMA. 
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Table -3, activation energies of polymers 
Copolymers Activation Energy (ev) 
PAN] 0.10303 
Poly (m-nitro aniline) 0.14899 
Poly (m-chloro aniline) 0.0824 
Poly (o-methyl aniline) 0.06277 
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Conclusions 
The presence of substituents on the benzene ring of aniline reduces the yield and 
increases the solubility depending on the type of substituents. The difference in the 
conductivity of Poly (substituted anilines) is due to electron donating and withdrawing 
capability of different substituents. 
This study reveals that PANI shows maximum thermal stability among the 
polymers under investigation. The order of thermal stability is PANI > POMA > PMNA 
> PMCIA. 
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(PoCy (aniCine-co-o-cHCoroaniCine) 
4.1. Introduction 
Amongst the conducting polymers, Polyaniline (PANI) is one of the most 
extensively studied polymer due to its environmental stability, interesting redox 
properties and facile synthesis [1-3]. PANI was first synthesized in 1862 [4, 5] and has 
been extensively studied as conducting polymer since 1980 [6-8]. It was the first 
conducting polymer whose electronic properties could be reversibly controlled both by 
protonation and charge transfer doping [9, 10]. To improve the mechanical stability and 
processibility, many strategies like introduction of alkyl, arylhydroxy, amino or halogen 
groups, preparation of composite and copolymers have been proposed [11-14]. The 
synthesis of copolymers from substituted aniline was found easier and more effective. 
Copolymerization is one of the simplest methods for providing the processibility of 
PANI. It leads to a homogeneous material by adjusting the ratio of the concentration of 
monomers in the feed [15, 16]. 
Cowan et al. [17] suggested a simple model of electrical conductivity of 
polyaniline evolving a three dimensional hopping model based on intermediate free 
radical state (among amine nitrogen sites), giving a reasonable quantitative description of 
the polymer conduction in all stages of oxidation and doping in polyaniline. 
McManus et al. [18] found that the intemiediate state responsible for the 
conductivity of polyaniline exhibited optical absorption features that were in excellent 
agreement with those of radical state. 
Forck [19] established qualitative agreement between the conductivity of 
electrochemically prepared polyaniline samples and the chemistry of free radical 
intermediate. 
Jan Prokes [20] prepared the polyaniline by oxidative polymerization in the 
presence of various inorganic and organic acids. He found that the best stability of 
conductivity at elevated temperature was achieved with samples protonated and 
methanesulfonic or hydrofluoric acid. 
MacDiarmid [21] has reported that the torsional angle between the adjacent 
phenyl rings affects the electronic as well as the electrical properties of polyaniline. 
96 
The stability of conductivity can be related to intrinsic factors, such as 
macromolecular structures, the morphology and the type of the acid used for the 
preparation and to extrinsic factors, such as surrounding atmosphere and temperature 
[22]. 
In this chapter. Poly (aniline-co-o-chloroaniline) was prepared and characterized 
with emphasis on the study of the effect of incorporation of o-chloroaniline on the 
resuling copolymer. The frequency dependence of electrical conductivity on the p" of 
the reaction media as well as on the copolymer composition and the temperature 
dependence of electrical conductivity were also studied in this article. 
4.2. Experimental 
[Aniline: Ranbaxy chemicals (distilled under reduced pressure), o-chloroaniline 
was distilled twice prior to use. Ammonium persulphate (99%) CDH chemicals, AR 
grade (used as received). Dimethyl sulfoxide (DMSO) (99%): Merck India (used as 
received. Dimethyl formamide (DMF) (99%): fluka (used as received). Acetone (99%)): 
Merck India, AR grade (used as received). Methanol (99%) Merck India (used as 
received)]. AH the aqueous solutions were prepared using double distilled water. The FT-
IR spectra of the polymers were recorded on a FT-IR Spectrophotometer (Perkin Elmer) 
in a KBr Pellets, 10 % (w/w). The UV-Vis spectra were collected using ELICO SL 177 
Scanning Mini spectrophotometer with quartz cells of 1 cm optical path was used. 0.05 
% was prepared for each sample. The electrical conductivity of pressed Pellets of co-
polymers was measured by two probe method at a frequency 100 Hz and 10 KHz using a 
Genard bridge (1659 RLC Digbridge, USA). 
4.2.1. Synthesis of Copolymers 
Desired quantities of aniline and substituted aniline were dissolved in IM HCl 
solution. The solution was cooled to 0 to 4 °C, a precooled solution of Ammonium 
persulphate in IM HCl was then added slowly into the monomer solution with constant 
stirring at 0 - 4 °C under nitrogen atmosphere. The additional stirring was continued for 
another 5 hrs. The reaction mixture was then kept over night at room temperature, after 
which the formed copolymer precipitate was filtered and washed with 0.1 M HCl, 
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distilled water thoroughly followed by methanol to remove the low molecular weight 
oligomers. Finally the product was washed with acetone, vacuum dried and kept at 80 C 
for 8 hrs. A greenish black emeraldine salt was obtained. The finely ground product was 
stored in vacuum desiccators for experimentations [23, 24]. 
The salt fonn of the co-polymer was converted into the base form by treatment 
with 0.25M NH4OH for 24 hrs. The base resultant was filtered washed and dried in air 
oven. 
4.3. Result and discussion 
4.3.1. Yield and Conductivity: 
The copolymerization of aniline with o-chloroaniline was found to be a slow 
process compared with homopolymerization of aniline to form PANI. In the 
copolymerization of aniline with o-chloroaniline, we expect a nonnal linear polymer by 
coupling of N-radical cation 1 with Para radical cation as shown in Fig. l(a-b) and Fig. 
1(c) are obtained. The appearance of a greenish color in the reaction mixture was taken 
as the indication of the copolymerization. The time taken for the initial color change of 
the reaction mixture upon addition of the oxidant along the % yield and electrical 
conductivity are given in Table 1. The yield of the copolymers decreased with increasing 
chloroaniline content in the comonomer feed. This could be traced to the electron 
withdrawing effect of the substituent -CI group, which lowered the aniline basicity and 
led to a lower degree of polymerization. 
On increasing the percentage of chloroaniline in the copolymers, the 
conductivity decreases due to increase in the disorder in the copolymer chain, which 
decrease the conjugation and hence the electron delocalization, electrical conductivity 
decreases. Lower electrical conductivity may also be due to decreased inter chain 
diffusion of the charge carriers in the copolymers induced by increased separation of the 
polymer chains due to the presence of the -CI group and lower crystallographic order. 
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Table-1 % Yield & Conductivity of Polymers. 
Polymers % Yield Time taken for 
)lor change in Minute 
2-3 
10-12 
12-15 
20-25 
25-30 
Conductivity 
(S cnV') 
1.98 X 10"' 
3.68 X 10"^  
1.18 X 10'^  
4.16 X 10"^  
. 2.38 X IQ-'^  
PANl 79.84 
PA-co-o-ClA 1:1 60.48 
PA-co-o-ClA 1:2 56.34 
PA-co-o-ClA 1:3 44.21 
P-o-ClA 34.26 
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-NH7 =NH2 NH7 
Fig. 1(a) Canonical structures of anilinium cation radical of aniline. 
CI CI 
NH 9 -<-
w 
NH, 
Fig. 1(b) Cation radical produced in chloroaniline. 
-N :N-
CI 
NH NH^ 
CI 
Fig. 1(c) Copolymerization of aniline with o-chloroaniline 
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4.3.2. FT-IR Spectroscopy 
The FT-IR spectra of PA-co-o-ClA 1:1 and PA-co-o-ClA 1:3 are as shown in 
Fig. 2(a-b). and the corresponding absorption of PANI and its copolymers with o-
chloroaniline are presented in Table 2. FT-IR spectrum of PANI shows peaks at 3432 
cm' for N-H stretching. The band at 1600 and 1472 cm' corresponds to C-C ring 
stretching vibration of the quinoid and benzenoid form. Absorption at 1296 and 1122 cm' 
' corresponds to C-N stretching and C-H bending mode [25]. 
The FT-IR spectrum of the co-polymer PA-co-o-Cl 1:1 shows the band at 3452 
cm' characteristic of the N-H stretching. The band at 1752 cm' and 1654 cm'' assigned 
to the quinoid and the benzenoid phenyl ring. The band at 699 cm' is characteristic for 
C-Cl stretching [16] with increasing in the amount of o- chloroaniline as PA-co-o-Cl 1:2, 
PA-co-o-Cl 1:3 as shown in Fig. 2(a-b), the intensity of the band C-Cl increases and 
absorption shifted to lower frequencies. 
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Table-2 characteristic FT-IR absorption frequencies (cm ) of the as-prepared 
copolymers. 
PANI PA-co-o-C] 1; 1 PA-co-o-CI 1 ;2 PA-co-m-Cl 1 ;3 Band characteristics 
3432 3452 3441 3485 N-H stretching vibration 
1600 1654 1654 1675 C=C quinoid vibration 
1472 1437.68 1437 1388 C=C benzenoid vibration 
1296 1313.71 1313.71 1257 C-N stretching vibration 
1122 1029.62 1034.79 1096 C-H bending mode in plane 
699.05 699 657 C-CI stretching 
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Fig 2(a) FT-IR spectrum of PA-co-o-ClA 1:1 
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Fig.2 (b) FT-IR spectrum of PA-co-o-ClA 1:3 
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4.3.3 UV Vis Spectroscopy 
UV-VIS absorption spectra (Fig. 3) show two absorption bands in the electronic 
spectra of PANI and its copolymers in DMF and DMSO. The corresponding absorption 
peaks positions are presented in Table 3. The band around 280 to 380 nm is assigned to 
the 71-71* (band gap) electronic transition in the phenyl ring in the polymer backbone and 
the peak above 570 nm is due to inter band charge transfer associated with excitation of 
the benzenoid to the quinoid moieties. In the polyaniline samples prepared, the bands are 
observed at 322 and 620 nm. When -CI group are present on the phenyl rings, that 
substantially alter the planarity of the system and influence the n orbital overlap resulting 
a shift in the 7t-7i;* transition band. There is hypsochromic shift in both absorption bands 
of the copolymers as compared to that in polyaniline. Thus, the blue shift was due to the 
presence of a chloro group present in the phenyl ring which ultimately resulted in the 
increase of band gap of the copolymers. This band is also a measure of the extent of 
conjugation between the adjacent phenyl rings. In all the copolymers synthesized, it has 
been observed that the two bands in the UV-Vis spectrum of samples, the position varies 
from polymer to polymer, as it depends on the width of the energy gap between the n and 
7t* bands which are found to be different for different polymers. 
The 71-71* band of polymers in different solvent also show a hypsochromic shift 
with increase in dielectric constant of the solvent. Ghose and Kalpakkam [26] tried to 
explain such shift on the basis of dielectric constant of the solvents. Since , dielectric 
constant of DMF (36.6) < DMSO (41.2), A polymer in solvent of high dielectric constant 
may exist in "coil" like conformation, resulting in the loss of planarity and a decrease in 
conjugation which in turn results in the hypsochromic shift of the absorption bands. A 
less polar solvent provides thermodynamically more stable chain conformation and 
restrict the polymer to lower energy high planarity state [26, 27]. Such shift may increase 
the conjugation of the system which yields a lower energy transition, red shift [28]. 
The exciton band produced by the inter/intra chain charge transfer is due to an 
absorption from the highest occupied molecular orbital (HOMO) band centered on the 
benzenoid units to the lowest unoccupied molecular orbital (LUMO) band centered on 
the quinoid units [29, 30]. These local charges reflected by exciton transition are 
sensitive to chain conformation related process since solvatochromism is observed in 
transition. 
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The intensity of exciton transition band of Poly (aniline-co-o-Chloroaniline) 
1.1 and Poly (aniline-co-o-Chloroaniline) 1:2 are lesser than polyaniline and for the later, 
the decrease is maximum. This suggests that the number of oxidized quinoid rings 
decreases as the number of o-chloroanline units' increases in the polymer backbone. The 
relative intensity of the exction band is a measure of the degree of oxidation of the 
polymer chain [28]. Therefore it may be concluded the oxidation state of the copolymers 
decreases as the ratio of o-chloroaniline increases in the copolymer. 
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Table- 3 UV-VIS peak positions (nm) of polymers in DMSO and DMF 
Polymers 
DMSO DMF 
n-n* n - 71* n-n* 
(nm) (nm) (nm) (nm) 
PA 322 620 324 608 
PA-co-o-ClA3:l 352 590 318 596 
PA-co-o-ClAl:l 350 600 310 580. 
PA-co-o-ClAl:2 342 610 310 578 
PA-co-o-ClAl:3 340 610 306 570 
P-o-ClA 310 590 300 540 
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Fig. 3 UV-VIS spectra of copolymers in DMSO 
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4.3.4 Electrical Conductivity and Charge Transport Studies 
The dependence of electrical conductivity measured on the pressed pellets of the 
polymers at frequency of 100 Hz and 10 KHz on the pH of the reaction medium are 
presented in Table 4. 
The electrical conductivity measured at 10 KHz was found to be greater than 
that measured at 100 Hz. This frequency dependence was more prominent in copolymers 
than in polyaniline. The frequency dependence of electrical conductivity was found to 
increase as the ratio of the o-chloroaniline increases in the copolymer backbone. 
The lower electrical conductivity of the copolymers may be attributed to 
several factors such as decreased extent of conjugation and an increase in the band gap 
caused by the increased phenyl ring torsional angles resulted from the steric repulsion 
between the adjacent phenyl rings due to presence of -CI group on the phenyl rings. 
Another possibility for the lower electrical conductivity is the decreased inter chain 
diffusion of the charge carriers in the copolymers [31, 15]. The -CI group are likely to 
force the chain out of the planarity by twisting the phenyl rings relative to one another to 
lower the overlap of orbital's along the conjugated system. As a result the conduction 
electron wave function were expected to be substantially localized in the copolymers 
than those in polyaniline leading to lower mobility for the charge carriers. These factors 
were more predominant in copolymers containing greater number of-CI groups. That is 
why electrical conductivity followed the order i.e. P-o-ClA < PA-co-o-ClA 1: 3 < PA-co-
o-ClA 1: 2 < PA-co-o-ClA 1: 1 < PANI. From Table 3, It was observed that the electrical 
conductivity of PANI and its copolymers with o-chloroaniline depends on the pH of the 
acid medium from which it is synthesized the low electrical conductivity of the 
copolymers at higher pH level was due to lower degree of protonation as pH increased. 
Undoped imine nitrogen atoms and the associated quenoid units are expected to behave 
as a barrier for electrical conduction along the chains as well as between the chains 
resulting in pH dependent electrical conductivity [32]. 
In order to understand the basic nature of charge transport, the temperature 
dependent conductivity data were fitted to Arrhenius equation (band conduction) as well 
as the variable range hopping model as shown through Fig. 4(a-b) and Fig. 5. 
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At higher temperature range, Arrhenius plot is found to be a good fit to the data 
following equation. 
a T = Aexp(-Ea/kT) (1) 
Where Ea is the energy of activation and k is the Boltzmann constant. The plot as shown 
in Fig. 4(a-b), of log o T vs. lO'^  II gives a curve whose slope (-Ea / 2.303R) give the 
value of activation energy given in Table 5. 
The observed electrical conductivity temperature data was found to be fit best in 
the equation corresponding to the variable range hopping model [27, 34] as shown in 
Fig. 5. 
'to-
o(T) = aoexp(To/T)'^' (2) 
Where To is the Mott's characteristic temperature, OQ is the electrical conductivity at 
room temperature. 
The temperature dependant conductivity studies revealed a thermally activated 
conduction phenomena in copolymers. The electrical conductivity increases linearly with 
increase in temperature in the whole of the temperature range studied [35]. The 
conductivity was not affected by moisture or humidity though it was reported that 
presence of moisture affect the conductivity as polyaniline [31]. The loss of moisture 
leading to increased localization of electrons and there by a reduction in electrical 
conductivity was not operative in these polymers. This may be an indication that, steric 
defects such as chain ends and chemical defects control the charge transport in these 
copolymers. 
Table-4: Frequency dependence of electrical conductivity (S cm ' ) of the polymers on 
the p of the reaction media for Polymer. 
Electrical conductivity (S cm") 
Polymer 
p " - 0 p" = 0.5 p " = 1 . 0 
100 Hz 10 KHz 100 Hz 10 KHz 100 Hz 10 KHz 
PANI 1.96x10"' 1.98x10"' 3.76x10'- 3.79x10'- 5.62 x 10"^  5.72 x 10"^  
PA-co-o-ClA 1:1 3.56x10"- 3.68x10'- 2.68x10'- 2.86x10'" 7.82x10'- 7.96x10"-
PA-co-o-ClA 1:2 1.02 x 10"^  1.18x10'' 7.68 x 10'^  8.56x10'^ 1.12x10'^ 1.26 x 10'" 
PA-co-o-ClA 1:3 3.86x10'" 4.16x10"^ 9.26x10'' 9.92x10'' 1.06x10'^ 2.26x10'^ 
P-o-ClA 2.16x10''^ 2.38x10'*^ 8.24x10'' 8.89x10'' 2.34x10"' 2.56x10"' 
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Fig. 4(a) Arrhenius plot of logaT vs. 1000/T (K"') 
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Table-5 Activation Energy of copolymers. 
Polymers Activation energy (ev) 
PANI 0.1030: 
PA-co-o-ClAl:l 
PA-co-o-ClA 1:2 
PA-co-o-ClAl:3 
0.09311 
0.01326 
0.08234 
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Conclusion 
The co-polymerization of o-chloroaniline with aniline takes place with slower 
rate than polymerization of aniline under the same conditions. The co-polymers are less 
conducting than PANI due to increase of disorder in the copolymer chain which 
decreases the conjugation and hence electron delocalization. The blue shift in the UV-
VIS absorption bands and the lower electrical conductivity of the copolymers were due 
to the decrease in the extent of conjugation. The electrical conductivity decreased as the 
ratio of o-chloroaniline was increased in the copolymers but the frequency dependence 
of electrical conductivity increased with increase of o-choroaniline. The temperature 
dependence of electrical conductivity showed that charge transport was mainly through 
variable range hopping though a mixed conduction behavior was observed at higher 
temperature range. 
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CKA'PI^^S 
Synthesis, Ctidracterization andConcfuctivity Study of 
<Po[y(o/m-to[uidine-co-o/m-nitroaniCine) 
5.1. Introduction 
Electrically Conducting Polymers are an extremely interesting class of new 
materials that have gained considerable momentum in the past decade. Because of their 
potent applications, conducting polymers provide a vast field for a number of growing 
new technologies, such as energy storage device [1-5], Molecular recognition [6-10], 
electromagnetic interference shielding (EMI) [11-15] and in opto-electronic devices [16]. 
However, these applications are limited because of the poor solubility of polymers like 
polyaniline in common organic solvents. Efforts have been made to improve the 
solubility and electronic properties of polyaniline with substituents to the monomer 
[17-20]. 
Copolymerization offers a way of improving the processibility of PANI. There 
are few reports, supporting the use of alternating donar-acceptor moieties in the polymer 
chain to increase the intrinsic conductivity of the polymers by virtue of decreased band 
gaps [21, 22]. 
The properties of the poly (substituted anilines) depend on the type of 
substitution like electron withdrawing, electron donating groups or less affecting groups 
like alkyl groups [23-26]. Electron withdrawing group decrease the electron density in 
aniline, electron donating group increases the electron density in the phenyl ring, 
whereas alkyl group may not affect much to the electron density in aniline only some 
mild positive inductive effect (+1) may increase the electron density. 
Combining the conductivity of polyaniline with the solubility of substituted 
polyaniline is important and can be achieved through copolymerization. These 
copolymers of substituted anilines show improved solvent solubility while maintaining 
high electrical conductivity. In addition, the conductivities of these copolymers can 
readily be tailored by varying the composition of the copolymer [27]. The mechanism of 
thermal degradation for acid doped polyaniline proposed by several research groups 
include changes in morphology, loss of dopants, cross-linking and the decomposition of 
polymer backbone [28-30]. The acid doped polymer has been studied for thermal 
degradation by TGA, DSC, X-ray Photoelectron Spectroscopy (XPS) and mass 
spectrometry. However, there have been few studies in which stability is described in 
terms of AC electrical conductivity [31]. The chemical copolymerization of Poly (o/m-
toluidine-co-o/m-nitroaniline) and thermal properties of these copolymer and 
homopolymer are reported herein. The resulting copolymer powders readily dissolve in 
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many organic solvents to produce high-quality free standing films. The conductivities of 
acid doped films vary with copolymer composition. 
In this investigation, we tried to synthesize the copolymers of different 
composition by using substituted anilines. FT-IR and UV-Visible spectroscopy were 
used for the structural confirmation of these copolymers. Stability is explained in terms 
of ac electrical conductivity measurements. 
5.2. Experimental 
5.2.1. Materials 
o/m-Toluidine: Ranbaxy Chemicals (distilled under reduced pressure), o-
Nitroaniline was distilled twice prior to use. w-Nitroaniline (98%): SD Fine Chemicals 
(recrystalized from alcohol and then acetone). Ammonium persulphate (APS) (99%): 
CDH Chemicals, AR grade (used as received). Dimethyl sulfoxide (DMSO) (99%): 
Merck India (used as received). Dimethyl formamide (DMF) (99%)): Fluka (used as 
received). Acetone (99%)): Merck India, AR grade (used as received). Methanol (99%)): 
Merck India (used as received). Chloroform and sodium lauryl sulfate used as received. 
All the aqueous solutions were prepared using double distilled water. 
5.2.2. Synthesis of polymers 
An emulsion method was used for the synthesis of a copolymer with a 1:1 molar 
composition of the monomers. Chloroform( 100ml) was taken and an aqueous solution of 
0.1 M sodium lauryl sulfate, the emulsifier (2.25 gm in 50 ml of water), was added to it 
slowly with constant stirring; a milky white emulsion was obtained. Toluidine (0.05M) 
and nitroaniline (0.05M) were added to it followed by drop wise addition of 50 ml of 
dopant HCl (IM) and 50 ml of an aqueous solution of the oxidant (ammonium 
persulfate, 5.7 gm, 0.1 M). The polymerization was allowed to continue with stirring for 
24 h at ambient temperature. The organic phase was separated and washed repeatedly 
with water. It was then added to 600 ml of acetone (non-solvent) to precipitate the 
copolymer. After 10 h, the greenish precipitate was filtered under suction and washed 
with excess of acetone to remove the oligomers and the oxidant. The copolymer salt was 
dried in oven for 72 h. 
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5.2.3 Characterization of the Polymers 
5.2.3.1. FTIR Spectra 
The FTIR spectra of the polymers were recorded on an FTIR spectrophotometer 
Inter Spec-2020 (Spectra Lab U.K.) in KBr Pellets. 
5.2.3.2. UV analysis 
The UV-analysis was carried out using an ELICO SL 177 Scanning Mini 
spectrophotometer with quartz cells of 1 cm optical path. 0.05% solution was prepared 
for each sample. 
5.2.3.3. AC Conductivity 
The electrical conductivity of pressed pellets of polymers was measured by two-
probe method using a Genard Conductivity Bridge (1659 RLC Digibridge, USA) 
5.3. Results and discussion 
5.3.1. Yield and Conductivity: 
The yield of the copolymers as shown in Table-1, decreased with increasing 
nitroaniline content in the co-monomer feed. This could be attributed to the electron-
withdrawing effect of the substituent -nitro group, which lowered the amine basicity and 
led to a lower degree of polymerization. The o-toluidine with nitroaniline copolymers 
were obtained in higher yields in comparision with those of m-toluidine with 
chloroaniline. 
The AC conductivity of the pressed pellets of these polymers were measured by 
two-probe method at a frequency 10 KHz using a Genard conductivity bridge (1659 RLC 
Digibridge, USA). The electrical conductivity of these polymers was found to be higher 
than that of the homopolymers of toluidine and nitroroaniline. The conductivity of 
copolymers, slightly increases with an increase in the amount of nitroaniline in the feed. 
On increasing the percentage of nitroaniline in the copolymers, the conductivity 
increases due to decrease of the disorder in the copolymer chain, which increase the 
conjugation 
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Table-1, %Yield & Conductivity of Copolymers. 
Copolymers 
PoT-co-oNA 
PoT-co-oNA 
PoT-co-oNA 
PoT-co-mNA 
PmT-co-mNA 
PmT-co-mNA 
PmT-co-mNA 
Composition 
1:1 
1:2 
2:1 
1:1 
1:1 
1:2 
2:1 
% Yield 
42 
18 
48 
41 
32 
14 
34 
Conductivity(Scm'') 
4.62 X 10'^  
1.16 X 10'^  
7.34 X 10-^  
1.36 X 10'' 
4.52 X 10-^  
2.26 X 10-^  
7.84x10-^ 
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and hence the electron delocalization, conductivity increases. Higher electrical 
conductivity may also be due to increased interchain diffusion of the charge carriers in 
the copolymers induced by increased separation of the polymer chains due to the 
presence of the -nitro group and lower crystallographic order. 
5.3.2 FTIR Spectra 
The FTIR absorption peaks of these polymers are shown in Fig. 1. The copolymers 
PoT-co-oNA 1:1 and PoT-co-oNA 1:2 show the characteristic bands corresponding to 
C=C stretching vibrations of quinoid and benzenoid rings respectively at 1584 cm" ,1504 
cm' and at 1501 cm"'. The characteristic bands of the emeraldine form of PoT occur at 
1585, 1489, 1369, 1322, 1211, 1151, 1107 & 806 cm"'. These peaks are shifted in the 
spectra of copolymers and confirm the presence of o-/m-toluidine units in the 
copolymers. It has been found that the relative intensity of the quinoid band (-1584 cm"') 
to the benzenoid (-1504 cm"') is a measure of the degree of oxidation of the polymer 
chain [34, 35]. The intensity of PoT-co-oNA 1:2 is slightly lesser than that in 
PoT-co-oNA 1:1. There is also a possibility of overlap of bands due to asymmetric N=0 
stretch in these region. 
The peak observed at 1350.4 cm"' in PoT-co-oNA 1:2 and at 1348.6 cm"' in 
PoT-co-oNA 1:1 is ascribed to symmetric N=0 stretching vibrations due to NO2 groups. 
A Medium-intensity peak at 1300-1325 cm"' is due to the C-N stretching vibration in 
alternate units of quinoid-benzenoid-quinoid rings, whereas the band at 1370-1380 cm" 
corresponds to the C=N^ stretching vibration. 
The 1160-1185 cm"' absorption in the spectra of the copolymers can be assigned to 
a vibrational mode of a B-NH^=Q structure, which is formed upon protonation. It 
indicates the existence of positive charges in the chain and the distribution of dihedral 
angle between the quinoid and benzenoid rings. 
It is known to increase in intensity with the degree of doping in the polymer 
backbone [36]. The bands become more intense because of the enhancement of the 
oscillator strengths of the backbone-related vibration by coupling with the proton 
induced. 
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A O O O 3 0 0 0 2 0 0 0 I S O O 1 0 0 0 
V / a v e n u m b e r ( c r n ~ ^ ) 
4 0 0 
Fig. 1 FT-IR Spectra of a) PoT-co-oNA 1:1, b) PoT-co-oN A 1:2, c) PoT-co-mNA 1:1 d) 
PoT-co-mNA 1:2 
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charge. The bands due to C-H out of plane bending modes (1000-1100 cm"') are very 
less pronounced in the spectra of PoT-co-oNA 1:1. The sharp band observed at 1145 cm" 
' for PoT-co-oNA 1:2 and 1140 cm"' for PoT-co-oNA 1:1 is due to charged defects 
[37,38]. 
The bands corresponds to the charged defects appears around 1140 cm"' in both 
the polymers. The band -1400 cm"' is ascribed to C-H bending vibrations [39]. 
The symmetric N=0 stretching vibrations of PoT-co-mNA 1:1 has slightly shifted 
to lower frequency compared to corresponding bands in other copolymer. 
5.3.3 UV-Vis spectra 
The absorption bands of the copolymers are listed in Table-2 and Fig. 2 shows 
the UV-visible spectra of copolymers. The spectra of all the copolymers generally 
display four absorption bands. The first one at 298-322 nm is assigned to the TT-TC* 
transition of the benzenoid rings. It is related to the extent of conjugation between the 
phenyl rings along the polymer chain. 
A 71-71* bands of polymers in different solvents also show a hypsochromic shift 
with increase in dielectric constant of the solvent. The hypsochromic shift, increases as 
the o-nitroaniline content increases from 30 to 60% and remains unchanged with a 
further increase in the o-nitroaniline content. Ghose and Kalpakkam [38] tried to explain 
such shift on the basis of dielectric constant of the solvents. A polymer in solvent of high 
dielectric constant may exist in coil-like conformation (decrease in conjugation) and a 
less polar solvent provides thermodynamically more stable chain conformation and 
restricts the polymer in a lower energy high planar state. Such shift may increase the 
conjugation of the system which yields a lower energy transition, red shift [39]. 
The exciton band produced by the inter/intra chain charge transfer is due to an 
absorption from the highest occupied molecular orbital (HOMO) band centered on the 
benzenoid units to the lowest unoccupied molecular orbital (LUMO) band centered on 
the quinoid units. These local charges reflected by exciton transition are sensitive to 
chain conformation related process since solvatochromism is observed in transition. 
The copolymers of m-loluidine with m-nitroaniline show a small hypsochromic 
shift for this band in comparision with the copolymers of o-toluidine with o-nitroaniline. 
This may be due to the electron withdrawing effect of the -nitro group in the meta 
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position and lower +1 effect of the methyl group in the meta position of these 
copolymers. 
Table- 2 UV-VIS Peak positions (nm) of copolymers in DMSO. 
Co-polymers Absorption Bands in DMSO, Jinm 
PoT-co-oNAl:l 325 
PoT-co-oNA 1:2 322 
PoT-co-oNA2:l 321 
PoT-co-mNAl:l 295 
PmT-co-mNAl:l 290 
PmT-co-mNA2:l 292 
PmT-co-mNAl:2 303 
449 
425 
450 
415 
422 
415 
410 
610 
615 
620 
580 
592 
588 
580 
790 
810 
800 
805 
810 
815 
810 
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Fig. 2 UV-VIS spectra of copolymers 
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The third absorption band at 580-620 nm is assigned to the quenoid ring 
transition (charge transfer from the highest occupied molecular orbital of the benzenoid 
ring to the lowest unoccupied molecular orbital of the quenoid ring). This band shows 
bathochromic shifts for all the o-toluidine copolymers except PoT-co-mNA 1:1. 
j 
5.3.4. Electrical Conductivity as well as Charge Transport Studies 
The temperature dependant conductivity data were fitted to Arrhenius equation 
(band conduction) as well as the variable range hopping model as shown through Fig. 
3(a-b) and Fig. 4(a-b). The temperature dependant electrical conductivity studies 
revealed a thermally activated conduction phenomenon in all these conducting polymers 
[40, 41]. The electrical conductivity increase linearly with increase in temperature in the 
whole of temperature range studied [42, 43]. 
The observed electrical conductivity temperature data was found to fit best in the 
equation corresponding to the variable range hopping model [32, 33] as shown in Fig. 3 
& Fig. 4. 
a ( T ) = aoexp(To/T) ' ' ' 
Where, To is the Mott's characteristic temperature. <JQ is the electrical conductivity at 
room temperature. 
At higher temperature range, Anhenius plot is found to be a good fit to the data 
following equation. 
a ( T ) = ao exp (-Ea/KeT) 
Where Ea is the energy of activation and KB is the Boltzmann constant. The plot as 
shown in Fig.-3 of log o T vs. 10 /T gives a curve whose slope (-Ea/2.303R) gives the 
value of activation energy given in Table 3. 
A careful examination of the results presented through Fig. 4 and Fig. 5 shows 
that a combinafion of conducdon mechanism is operative in these copolymers depending 
on the temperature range of the measurements. During the initial trial of the 
measurements, irregular and non reproducible results were observed because the pellets 
were found to be broken during the experiment at higher temperatures. Reproducible 
results were obtained if the pellets were cycled between 25 '^ C -100 "C for several times, 
however no reproducibility was observed when cycled between 25 C and 200 C. 
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A PDT-CX>ONA2:1 
T PdT-cx)-mNA1:1 
Fig. 3(a) Arrhenius plot of logo vs. 1000/T (K'') 
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Fig. 3(b) Arrhenius plot of logo vs. 1000/T (K"') 
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Table3 Activation energies of copolymers of o/m-toluidine with o/m- nitroaniline 
Co-Polymers Activation Energy (ev) 
PoT-co-oNA 1:1 
PoT-co-oNA 1:2 
PoT-co-oNA2:l 
PoT-co-mNAl:l 
PmT-co-mNA 1:1 
PmT-co-mNA 2:1 
PmT-co-mNA 1:2 
0.06367 
0.1361 
0.04656 
0.1137 
0.07359 
0.0448 
0.10897 
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Fig. 4 (a) Plot of loga vs. T"'^\K''^^) corresponding to VRH model. 
133 
-3.00-
-3.05-
-3.10-
-3.15-
-3.20-
-3.25-
-3.30-
^ -335-
O 
- -3.40-
^.45-
-3.50-
-3.55-
-3.60-
.3.65-
^.70. 
. . • • • . . 
• ' • \ . 
• — • 
. / • • S s 
. > - ^ - \ \ . 
y \ 
\ . 
\ 
-•-PmT-ocMT>N'\1:1 
- • - PlnT-<x>mm21 
-A-RTTr-oom-NM:2 
\ 
T — ' — r 
0.210 0.215 0.220 0.225 0.230 0.235 0.240 
-l/4/T^-l/4 Fig. 4 (b) Plot of logo vs. T"" (^K"" )^ corresponding to VRH model. 
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5.3.5. Stability in terms of AC electrical conductivity 
The samples of copolymers were selected to study the stability of electrical 
conductivity under isothermal condition at 50 °C, 70 V , 90 "C, 110 °C & 130 "C. The 
temperature of the pellets was maintained at the temperature of study and the ac 
electrical conductivity was measured at an interval of 10 minutes in an accelerated aging 
experiment. The electrical conductivity measured with respect to the time of accelerated 
ageing is presented in Table 4 (a-b) and in Fig. 5 (a-d). 
It has been observed that electrical conductivity is more or less stable at 50 ^C, 70 
C and 90 *^ C, which support the fact that the copolymers are sufficiently stable under 
ambient temperature in terms of reaction of ac electrical conductivity. The electrical 
conductivity decreases with time at 110 C & 130 ^C may be attributed to the loss of 
dopant and the chemical reaction between the dopant and polymer. 
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Table 4 (a) 
50 
70 
90 
110 
130 
Time 
(minutes) 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
Electrical 
PoT-co-
oNAlT 
X 10"^ 
4.98 
5.10 
5.22 
5.17 
5.38 
5.68 
5.80 
5.89 
5.86 
5.96 
6.02 
5.48 
5.86 
4.88 
4.67 
6.72 
5.68 
3.46 
2.56 
1.48 
7.24 
6.32 
5.46 
3.32 
1.16 
Conductivity 
PoT-co-
oNAl:2 
X 10"^ 
1.68 
1.89 
2.16 
2.12 
2.26 
2.46 
2.56 
2.58 
2.54 
2.67 
3.16 
2.32 
2.66 
2.44 
2.28 
3.83 
3.22 
3.06 
2.92 
2.68 
4.48 
2.86 
2.23 
1.89 
0.86 
PoT-co-
oNA2:l 
X 10"^ 
7.86 
7.96 
8.16 
8.18 
8.36 
8.36 
8.42 
8.56 
8.62 
8.89 
8.82 
8.42 
7.86 
7.82 
7.24 
9.39 
8.48 
8.12 
7.96 
7.24 
9.96 
7.82 
6.96 
6.12 
4.46 
PoT-co-
mNAl:l 
X 10"' 
1.62 
1.78 
1.92 
1.92 
2.04 
2.06 
2.12 
2.16 
2.14 
2.22 
2.84 
2.42 
1.98 
1.16 
0.98 
3.48 
2.76 
2.32 
2.02 
1.23 
4.08 
2.72 
2.06 
1.46 
0.68 
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Table 4 (b) 
Temperature Time Electrical Conductivity 
{ V ) (minutes) 
PmT-co-mNA PmT-co- PmT-co-mNA 
1:1 mNAl:2 2:1 
X 10"^ X 10 '^ X 10"^ 
50 
70 
90 
130 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
0 
10 
20 
30 
40 
4.98 
5.52 
5.26 
5.10 
5.83 
5.64 
5.82 
5.93 
5.96 
6.06 
6.46 
6.04 
5.72 
5.16 
4.43 
7.26 
6.76 
5.86 
4.23 
3.16 
7.92 
6.23 
5.23 
3.12 
1.18 
2.62 
2.98 
3.06 
3.12 
3.36 
3.32 
3.46 
3.52 
3.63 
3.69 
3.98 
2.72 
2.08 
1.86 
1.16 
4.88 
4.12 
3.06 
2.24 
1.02 
5.52 
3.76 
2.53 
1.94 
0.92 
8.18 
8.42 
8.64 
8.76 
8.96 
8.74 
8.92 
9.16 
9.12 
9.32 
9.18 
8.89 
8.42 
8.36 
7.86 
9.72 
8.62 
7.86 
6.23 
4.92 
9.84 
8.42 
7.23 
5.98 
4.27 
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Conclusions 
The o-/m-nitroaniline were copolymerized with o-/m-toluidines by chemical 
oxidative polymerization with ammonium persulfate as the oxidizing agent. These 
copolymers exhibited higher conductivities than the respective homopolymers and this 
may be attributed to greater electron delocalization along the polymer chain due to the 
donor-acceptor relations between the methyl group of toluidine and the nitrogroup of 
nitroaniline. 
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FINAL CONCLUSIONS 
Knowledge of thermal degradation and stability of conducting polymers is 
important for their use in many practical applications. Copolymerization is one of the 
simplest methods for providing the processibility of PANI. It leads to homogeneous 
material by adjusting the ratio of the concentration of monomers in the feed. 
The presence of substituents on the benzene ring of aniline reduces the yield and 
increased the solubility depending on the type of substituents. The difference in the 
conductivity of Poly (substituted anilines) is due to electron donation and withdrawing 
capability of different substituents. From thermogravimetric analysis, we conclude that 
PANI shows maximum thermal stability among the polymers under investigation. The 
order of thermal stability is PANI > POMA > PMNA > PMCIA. 
The copolymers of anilines v/ith o-/m-chloroaniline as well as the copolymers of 
o-/m-toluidine with o-/m-nitroaniline can be synthesized in acid medium for different 
molar ratios of the respective monomers. The co-polymerization of substituted aniline 
with aniline takes place with slower rate than polymerization of aniline under the same 
conditions. It is observed that in the presence of the substituted monomers in the 
polymerization media, the aniline monomers alone are not getting polymerized. Ail the 
copolymers show comparatively better solubility in organic solvent than polyaniline. 
Therefore, they can be processed more easily than polyaniline. 
The copolymers are less conducting than polyaniline (PANI) due to increase of 
the disorder in the copolymer chain which decrease the conjugation and hence electron 
derealization and is found to be frequency dependent. The lower electrical conductivity 
of the copolymers in comparison to polyaniline is an agreement with the observations 
made from electronic spectra of the copolymers. 
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Temperature dependence of electrical conductivity studies revealed a mixed 
conduction mechanism. In most of the copolymers above room temperature, 
thermogravimetric studies revealed that most of the copolymers have comparable 
thermal stability and some are more thermally stable. Broido equation has been 
employed to evaluate the activation energies of thermal degradation. 
Electronic spectra of the copolymers showed characteristics bands corresponding 
to 7t-7i* transition and benzenoid ^•quinoid exciton transition. The TI-TT* band of 
polymers in different solvent also show a hypsochromic shift with increase in dielectric 
constant of the solvent. A polymer in solvent of high dielectric constant may exist in 
coiled like conformation (decrease in conjugation) and a less polar solvent provides 
thermodynamically more stable chain conformation and restrict the polymer to lower 
high energy planarity state. 
The relative intensity of the exciton band is measured the degree of oxidation of 
the polymer chain. Therefore it may be concluded the oxidation state of the copolymers 
decreases as the ratio of o-/m-chloroaniline increases in the copolymer. 
The conductivity stability can be related to intrinsic factors, such as 
macromolecular structures, the morphology and the type of the acid used for the 
preparation and to extrinsic factors, such as surrounding atmosphere and temperature. 
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